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ABSTRACT 
 
 
 
 
The fast development of wireless communication technologies is pressing the antenna 
engineers to investigate and design compact multiband antennas for the multiple-input 
multiple-output (MIMO) systems, which is the key technology for the next generation 
of mobile communications. The growing increase in the demand for transmitting and 
exchanging large volume data, such as multimedia and interactive materials is 
constantly fueling the need for higher data rates. MIMO systems have demonstrated 
the capability to increase channel capacity, with a simultaneous increase in range and 
reliability, without taking any additional bandwidth thus resulting in improved data 
throughput. However, the performance of a MIMO system is highly dependent on the 
nature of its propagation environment and the placement of antennas on device 
platform. The true benefits of MIMO can be exploited through a smart design that can 
adapt with changing system requirements or environmental conditions. 
 
This research project has investigated the methods to make multiband MIMO and 
multiband reconfigurable antennas on small mobile terminals with high 
communication performance. This involves the methods for avoiding coupling 
between multiple antennas and possible tuning of the antennas for next generation 
mobile handsets. The aim of this work is to develop MIMO and reconfigurable 
antennas for wireless terminals such as mobile handsets and tablets. The project is 
divided in two phases with the first phase involving the development of multiband 
MIMO antennas for handheld terminals and the second phase involves the design of 
reconfigurable antenna for mobile handsets. Several prototypes of handset antennas, 
capable of covering various cellular frequency bands, have been developed. The 
research involves a substantial work on theoretical analysis, computer simulation and 
experimental verification. 
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CHAPTER 1 
INTRODUCTION AND OVERVIEW 
 
 
 
1.1 Introduction 
Wireless communication is probably the fastest growing part of the modern 
communication technology. Currently there are around 4.4 billion mobile users 
worldwide which will increase to 5.1 billion by 2019 [1]. In earlier days of 
development, the wireless communication was limited to military and security 
applications. With the development of the various communication standards, the 
wireless communication was expanded to the commercial applications for making 
businesses more profitable. Further advancements in wireless communication such as 
2G Global System for Mobile communications (GSM) resulted in the evolution of 
handheld wireless terminals such as mobile phones. The mobile phone industry is 
now perhaps one of the fastest growing industries with a rapidly increasing number of 
consumers. Mobile phone technology has experienced a rapid growth over the last 
decade. The first mobile phone was developed by Motorola in 1973 which cost 
around modern day $10000 and had the size of 330 x 45 x 89 mm3 [2]. Initially 
mobile devices were only able to provide voice communication services. Also the size 
of mobile handset was bulky and the concept of a pocket held device was not 
introduced. As the technology advanced, the size of the mobile device started 
reducing with an improved capability to support numerous communication services. 
A few examples of early mobile handsets are shown in figure 1.1. It can be seen from 
the figure that the handset size reduced with the advancement of the wireless 
technology. Earlier mobile devices were manufactured with antennas outside the 
  
mobile housing. With the developments in antenna technology, it became possible to 
place the antenna inside mobile handset. Later on, the portability requireme
users also changed. The users now demand a slim and compact mobile handset that 
can be used in indoor and outdoor environments at both pedestrian and vehicular 
speeds. Also, the average time spent by each user on mobile device is radically 
increased over the last five years. A mobile device now is not only a source of 
multimedia communication but also a source of entertainment. This in turn requires a 
high data rate communication to keep the user entertainment seamless and 
uninterrupted. Certain 
the user requirements.  
Figure 1.1: Evolution of mobile handsets
modern communication standards were thus evolved to meet 
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With the introduction of modern wireless communication standards such as universal 
mobile telecommunicatio
(HSDPA) and Advanced Long Term Evolution (LTE)
reduced to a compact pocket held device. Figure 1.2 presents numerous uses of 
modern mobile handsets. Today’s mobile devices can provide seamless audio, video 
and large sized data communication services on the go. Meanwhile, the 
users also started increasing over the last five years. We are now living in a dense 
environment of wireless communication where mobile phone use is an integrated part 
of everyone’s life. Studies have shown that the number of mobile users increas
from 4.01 billion to 4.43 billion in the last 3 years [1]. Also the size of mobile 
handsets is getting smaller which has induced the requirement of having an advanced 
and compact antenna technology. A comparison between various generations of 
mobile com
Figure 1.2: Uses of mobile devices. (
munication is shown in table 1.1.
n system (UMTS), 
Source: Google Images
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Table 1.1: Comparison between various generations of cellular communication.[3]
Technology Name
1st generation (1G)
2nd generation (2G)
3rd generation (3G)
4th generation (4G)
 
  
 
 
 
 
 
 
 
- Deployed in
- Analog protocols
- Voice communication only
- Large sized handsets
- No security
- Poor handoff reliability
- Antenna outside handset 
- No roaming facility
- Deployed in 1992
- Digital protocols
- Voice communicatio
- Better voice quality than 1G
- Better range than 1G
- Improved security
- More reliable than 1G
- Deployed in 2001
- Digital broadband and packet data
- First mobile broadband technology
- Voice, text 
- Better voice quality than 1G and 2G
- Better range than 1G and 2G
- Enhanced security
- More reliable than 1G and 2G
- Deployed in 2011
- Specialized in data communication
- On the go large 
- IP based protocols
- Excellent range
- Excellent handoff reliability
- Advanced antenna technology
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Multiple Input Multiple Output (MIMO) is a technology that promises an increased 
capacity without requiring any additional bandwidth and transmission power. The 
MIMO technology was developed more than 10 years ago and it has been 
successfully employed in WLAN terminals [5]. However, the implementation of 
MIMO in a mobile handset is not yet successful due to the size limitations. It is rather 
a big challenge to place multiple antennas inside a mobile handset with acceptable 
isolation. This is because the close spacing between the antennas increases the mutual 
coupling. The design of closely spaced MIMO antennas requires certain decoupling 
techniques to achieve an acceptable isolation. This introduces a challenge as the 
decoupling structure alters the return loss of the antennas. It is therefore necessary to 
develop MIMO antennas with acceptable return loss and isolation performance for 
multiband mobile phones. The 4G LTE advanced is the newest standard of wireless 
communication that can provide a high data rate from a portable mobile handset [6]. 
The benefits of 4G LTE advanced can be exploited by developing compact MIMO 
antennas for slim mobile handsets. Therefore, the antenna designs need to be 
improved so as to occupy less space and provide good performance.  
1.2 Motivation 
With the advancements in the modern communication standards such as LTE 
advanced, wireless communication becomes more convenient and with more rapid 
data transfer. Today’s wireless terminals come with a capability of supporting voice 
and large sized data communications simultaneously [7]-[9]. Modern day users are 
not only able to access and download data on the mobile handset but also enjoy high 
quality video streaming. However, with the increasingly changing environment such 
as large buildings and obstacles and increase in the number of users, the amount of 
interference to the communication is increased. This largely degrades the quality of 
the communication link. Strong, continued growth in wireless usage, particularly data 
and multimedia services on smartphones and tablets, has motivated the wireless 
industry to improve existing wireless communication systems for 
achieving unprecedented network speed and have good connectivity 
indoors or outdoors. Multiple Input Multiple Output is the key technology which 
utilizes the signal scatterings from the obstacles to enhance the communication 
capacity. Research in wired and wireless communications with high spectral 
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efficiency has been gaining increasingly intense efforts since the findings of Claude 
E. Shannon on the channel capacity in 1948, [7]. The pioneering work by Foschini 
[8]-[9] and Telatar [10] has proven that MIMO systems have significant higher 
capacity than conventional single-input single-output (SISO) systems. MIMO 
technology assures a high data rate, increased channel capacity and enhanced 
coverage without a need of having additional channel bandwidth. Nevertheless, the 
performance of a MIMO system is highly dependent on the nature of its propagation 
environment and the placement of the antennas on the device platform. Real 
propagation environments do not match the uncorrelated independent and identically 
distributed channel models and the varying channel conditions largely limit the 
channel capacity of a MIMO system. The choice of an antenna also imposes 
restrictions on the overall system performance that arises because the antenna 
characteristics are fixed. The main problem with newly released wireless terminals is 
their tendency to become compact, which limits the total size of the antenna design. A 
consequence of this is that the multiple antennas required have to be more closely 
spaced. This increases the undesired signal correlation between the antennas which 
significantly degrades the MIMO system throughput. 
Adaptive MIMO systems, which can dynamically adapt themselves to time-varying 
channel conditions, will be the key for the future generation of mobile communication 
systems. An excellent discussion on adaptive MIMO systems is given in [11]. In this 
reference, some parameters such as the modulation level, coding rate and transmission 
signaling schemes are dynamically adapted to the time-varying channel conditions. 
The antenna elements in such systems are fixed by the initial design and cannot 
reconfigure their properties, that is, radiation pattern, polarization, and operating 
frequency. 
Reconfigurable antennas have the capacity to alter their properties over varying 
channel conditions. This feature of reconfigurable antennas made their development 
imperative in future wireless communication systems. Their agility and diversity 
created new horizons for different types of applications especially when employed in 
MIMO systems. Recent studies have shown that reconfigurable antennas offer an 
additional degree of freedom in improving performance of an adaptive MIMO system 
and selection of the optimum antenna properties and configuration together with other 
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system parameters with respect to the varying channel conditions [12]-[16]. Thus 
Reconfigurable antennas can be employed in mobile handsets to further enhance the 
quality of data communication. 
The aim of this work is to develop MIMO and reconfigurable antennas for new 
generation multiband mobile handsets. The project is divided in two phases in which 
the first phase involves the development of multiband MIMO antennas for handheld 
mobile terminals such as tablets and smartphones. Whereas, the second phase 
includes the design of the reconfigurable antennas for mobile handsets. Several 
prototypes of multiband MIMO and reconfigurable antennas for mobile 
handsets/tablets, capable of covering various cellular frequency bands to provide 
seamless services, have been developed. The research involves a substantial work 
based on theoretical analysis, computer simulation and experimental verification. 
1.3 Outline of the report 
Chapter 2 gives an introduction to the fundamentals of antenna theory and the 
MIMO technology. This chapter is divided in two major sections. The first section 
presents the basic concepts and the working mechanism of antennas. The key 
parameters used in the testing of an antenna such as return loss, isolation, bandwidth 
and radiation patterns will also be discussed in this section. This section will provide a 
basic knowledge of antennas and wave propagation to the readers. The second section 
of this chapter presents the introduction and working mechanism of MIMO 
technology. What is MIMO and how it works will be discussed in this section along 
with the applications and the requirements of MIMO antenna design. 
Chapter 3 includes a detailed review of various designs that have been proposed in 
the literature for achieving multiband operations for mobile terminals. This chapter 
includes three sections which include a discussion on single antenna, MIMO and 
reconfigurable antenna designs for mobile handsets that have been presented recently 
in the literature.  
Chapter 4 presents the designs of multiband MIMO antennas for mobile handsets. 
Three designs of the MIMO antennas are presented in this chapter covering 2G, 3G 
and 4G cellular frequency bands. The chapter is divided in three sections. The first 
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section presents the design of multiband MIMO antennas based on multi-branch 
monopole configuration whereas, the second section will present the design of 
compact MIMO antennas in meandered monopole configuration. Likewise, the third 
section presents the design of MIMO antennas based on coupled loop configuration. 
Each design is presented in detail including the simulation and measurement results 
along with a comprehensive simulation analysis of each MIMO design. 
Chapter 5 presents two designs of the MIMO antennas for mobile tablets. This 
chapter includes two sections. The first section presents a design of MIMO antennas 
for 2G and 3G cellular coverage whereas, the second section presents the MIMO 
antennas for covering 2G, 3G and 4G cellular frequency bands. This chapter will 
include the simulation and measurement results along with the simulation analysis of 
the proposed MIMO antennas for mobile tablets. 
Chapter 6 presents the design of pattern reconfigurable MIMO antennas for mobile 
handsets.  The design is based on meandered monopole configuration with additional 
metallic branches that can be connected or disconnected to achieve pattern 
reconfigurability. This chapter will include the simulation and measurement results 
along with a comprehensive simulation analysis of the proposed reconfigurable 
antennas. 
Chapter 7 presents the conclusions and the plans and improvements for future work. 
 
1.4 Contributions 
The research work presented in this thesis introduced new designs of multiband 
MIMO antennas for portable terminals such as mobile handsets and tablets. The 
designs proposed in the work are planar and compact. The design methodology is 
based on meandering monopole and loop strips for achieving compact volume, 
suitable for slim mobile handsets. The antennas possess good cellular coverage with 
acceptable return loss and isolation performances. The decoupling structures used in 
the designs are new and provide better isolation then most of the designs presented in 
the literature. The antennas cover most of the commercially available 2G, 3G and 4G 
cellular frequency bands. 
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CHAPTER 2 
THEORETICAL BACKGROUND 
 
 
 
This chapter gives an introduction to the fundamentals of antenna theory and the 
multiple input multiple output (MIMO) technology. This chapter is divided in two 
major sections. The first section presents the basic concepts and the radiation 
mechanism of antenna. Key parameters used in the testing of an antenna such as 
return loss, isolation, bandwidth and radiation patterns will also be discussed in this 
section. This section will provide a basic knowledge of antennas and wave 
propagation to the readers. The second section of this chapter will present the 
introduction and working mechanism of MIMO technology: what is MIMO and how 
it works, along with the applications and the requirements of MIMO antenna design. 
2.1    Fundamentals of antenna theory: 
2.1.1   What is an Antenna? 
An antenna is a metallic device that is used to transmit or receive electromagnetic 
waves. Electromagnetic waves are also known as radio waves. When a radio 
frequency signal is applied to antenna, it converts it into the electromagnetic radiation 
that travels through the free space. Conversely, a receiving antenna transforms an 
electromagnetic radiation back to a radio signal. The antenna is thus a passive device 
which can be used as a transmitter and a receiver. An antenna just redirects the power 
to get more radiation in specific directions without adding any additional power to it 
[1]-[3]. Each antenna is designed or tuned to cover either single or multiple frequency 
bands other than which it cannot transmit or receive. The antenna size is usually 
expressed in terms of wavelength for example, half wavelength dipole. Wavelength is
  
symbolically represented as 
antenna is an interface between the transmission line and the free space through which the 
signal travels. Antenna is used in all devices which involve transmission or reception of 
communication signal wirelessly. Typical examples of antennas include dipo
antenna, patch antenna, helical antenna, reflector antenna and Yagi antenna [1]
 
 
Figure 2.1: Typical examples of antennas.
 
2.1.2   Principles of Electromagnetic radiation
An antenna works by the oscillations of the electrons back and forth on its metallic surface.  
Every metal has atoms with outer shells made up of weakly held electrons which can be 
detached to float in free space. This happens when electrons are subjected 
signal which changes their energy level. In antennas, when an alternating voltage is applied to 
the input of antenna, the electrons on the surface of metals oscillate due to the alternation of 
the electric polarity. As the polarity of the 
created and the field starts oscillating [1]
λ. It is the distance that a radio signal travels in one cycle. An
-
 [1]-[3] 
 
electric current changes the magnetic field is 
[4].  
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If we feed an antenna with AC current, the electron flow will set up in it. Due to the 
alternating nature of the feeding signal, the direction in which maximu
electrons flow occurs changes alternatingly. This cycle repeats itself at signal frequency. This 
electron flow creates a fluctuating magnetic field. The direction of the magnetic field reverses 
with the change in the polarity. The magnet
cycle of the signal frequency. This is known as H field whose strength is proportional to the 
amplitude of the current standing wave. The current standing wave is out of phase of the 
voltage standing wave. 
lines are produced which change the direction with the direction of polarity. This is known as 
E field. The E and H fields thus build and collapse 90
constitute the antenna’s immediate field.  This immediate field then produces radiating 
patterns which propagate outwards into the free space in the form of 
radiation mechanism can be understood by taking example of a half wavelength dip
antenna. Figure 2.2 shows the formation and detachment of electric field lines from the 
surface of a half wavelength dipole antenna [1]
Figure 2.
 
2.1.3 
(a)    Input impedance:
When an input radio frequency signal is applied to an antenna it excites the electrons on its 
surface thereby generating a current distribution which is then radiated to the free space. 
However, besides this radiation there are certain loss
losses include the power dissipation due to ohmic or dielectric losses in the antenna and also 
a part of input voltage creates a reactive field around the antenna. The antenna can thus be 
2: Radiation mechanism of 
   Key antenna parameters
As the polarity changes on the surface of antenna, the electric field 
 
a half wavelength
 
ic field thus reverses its direction at each half 
-[4]. 
0
 out of phase to each other and 
 dipole antenna
es associated with an antenna. These 
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modelled as equivalent complex impedance Zc which takes the same power from input 
transmission line as the amount of power drawn by antenna. This complex impedance is 
known as input impedance of antenna. Input impedance refers to the ratio of voltage and 
current at the feeding point of antenna. It has no physical existence. The real part of the input 
impedance is the resistive part which represents the power radiated in the free space and the 
power dissipated in the antenna whereas, the imaginary part is the reactive part which 
represents the reactive power stored in the antenna’s near field. If the imaginary part is zero, 
the antenna is said to be resonant. For an efficient transmission and reception of radio signal, 
the input impedance of the feeding source and the antenna must be well matched. In case of 
impedance mismatch, the radiation will be impaired and an impedance matching circuit will 
be needed. Usually the feeding sources are designed with an impedance of 50 Ω. If an 
antenna is designed to radiate a single or multiple frequency bands then its impedance must 
be matched to the impedance of the feeding source at single or multiple frequencies [1]-[4]. 
(b)    Return loss: 
The return loss (RL) is defined as the ratio of power reflected to the input power. It represents 
how much mismatch exists between the antenna and feed line and is usually expressed in 
decibels (dB). The return loss can be calculated by using the magnitude of the reflection 
coefficient	(Γ). The mathematical equation relating return loss and reflection coefficient is: 
 =	−20 ∗ log|| − − − −− − −−−−−−− (2.1) 
The reflection coefficient can be defined as the ratio of amplitudes of the signal reflected 
back to the input signal. It can be calculated by using the source and load impedances. The 
mathematical equation for calculating the reflection coefficient using impedances can be 
represented as [1]-[4]: 
 = 	 −  +  −−−−−−−−−−−−−−−−(2.2) 
(c)    Bandwidth: 
The term bandwidth refers to the frequency bands in which an antenna can operate. It is the 
difference of the highest frequency from the lowest frequency. However, antenna can operate 
in multiple frequency bandwidths that are usually defined with respect to the return loss value 
  
of 10 dB for most antennas. However, for low profile antennas such as handset antennas, th
bandwidth is usually defined with respect to a return loss of 6 dB 
(d)    Radiation pattern:
The term radiation pattern refers to the mathematical or graphical illustration of the strength 
of the electromagnetic field radiated by an antenna rel
radiation properties of an antenna as a function of space coordinates. The radiation pattern of 
an antenna is usually presented as a 3D graphical diagram. However, the measurement of 3D 
radiation patterns is usuall
used to represent the radiation of antenna in the principal planes which include E
(Elevation plane) and H
vector, wherea
are usually defined with respect to the direction of maximum radiation [1]
radiation pattern is shown in Figure 2.3.
Figure 2.3: An example of an antenna’s 
The radiation pattern gives information about the side lobes level, the beamwidth and the 
directivity of an antenna. 
(e)    Directivity
Directivity is the ability of an antenna to direct or concentrate the radiated power in a 
particular direction and is a dimensionless parameter having a value greater than or equal to 
one [3]-
the power density radiated by an isotropic radiator [1]
uniformly in all directions and has the lowest definable directivity. Antennas can be omni
directional, sectorial or directive. Directive antennas radiate significantly more strongly in 
one direction than the others. Directivity 
s, the H
: 
[4]. It is the ratio of the power density of an antenna in its strongest emission zone to 
 
y very time consuming so, a 2D polar or rectangular plot can be 
-plane (Azimuthal plane). The E
-plane contains the magnetic field vector. Both E
 
  
radiation pattern. [1]
 
depends only on the radiation pattern of the antenna 
ative to the direction. It represents the 
-plane contains the electric field 
-[3]
-[2]. An i
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and for a given radiation efficiency directive antennas possess a higher gain than omni-
directional antennas. An example of an omni-directional antenna is a dipole antenna, 
whereas, a horn antenna is a good example of a high gain directive antenna. 
(f)    Efficiency: 
Efficiency is defined as the ratio of the power radiated by an antenna in free space to the 
power delivered to the antenna input. It is a measure of an antenna’s ability to transform the 
input radio signal into electromagnetic radiation. The efficiency can be mathematically 
represented as [1]: 
 = 	 !" −−−−−−−−−−−−−−(2.3) 
Antenna efficiency always has a value between 0 and 1. A highly efficient antenna is one in 
which most of the power delivered to the antenna is radiated. The efficiency of an antenna 
largely depends on its radiation area and can be changed by altering the radiation area. It also 
depends on the number and type of the electronic components surrounding the antenna as 
they can absorb the radiated power leading to a less efficient antenna. The efficiency in the 
above equation is usually termed as the radiation efficiency and it does not consider any loss 
due to the impedance mismatch. However, in practical applications this loss is considered 
with the radiation efficiency to determine the total efficiency of an antenna. The efficiency of 
an antenna is directly proportional to its gain [2]-[4]. 
(g)    Antenna gain: 
According to Balanis, the gain of an antenna is defined as “the ratio of the radiation intensity 
in a given direction to the radiation intensity that would be obtained if the power accepted 
(input) by the antenna were radiated isotropically” [1]. A gain of 3 dB means that at a given 
distance the power radiated by an antenna will be 3 dB higher than that radiated by a lossless 
isotropic radiator owing to an equal input power to both radiators. The gain of an antenna is 
actually its directivity (D) after considering the total efficiency and can be mathematically 
represented as: 
$%&' = 	 ∗ ( − − − −−−−−−−−−− (2.4) 
According to the IEEE, the gain of an antenna does not take in account the losses due to 
impedance mismatch. This leads to two definitions of gain, one from the IEEE known as 
Chapter 2: Theoretical background 
 
19 
 
‘Gain’ and the other which considers the reflection losses known as ‘Realized gain’. Gain is 
usually expressed in decibels and is directly related to the radiation pattern of an antenna. A 
high gain antenna is usually more directional as compared to a low gain antenna which means 
that the transmission range of a high gain antenna is more than a low gain antenna [1]-[2]. 
2.2 Introduction to MIMO technology 
The introduction of high definition interactive multimedia services into wireless terminals has 
placed a need of having transceiver systems with high data rates and transmission efficiency. 
To meet this requirement, multiple input multiple output (MIMO) technology has been 
introduced that is capable of providing a high data throughput and efficient transmission than 
conventional single input single output (SISO) systems.  
2.2.1 Conventional wireless communication system (SISO) 
 
Conventional wireless communication system involves the use of one antenna at the 
transmitter and one antenna at the receiver side. Such type of system is known as Single Input 
Single Output (SISO). An illustration of the SISO is shown in Figure 2.5. The capacity of a 
conventional wireless communication system is given by the Shannon’s capacity theorem as 
[5]: 
* = + ∗ ,-. /1 + 012 ,− − − − −− −−−−−(2.5) 
 
where ‘W’ is the bandwidth of the channel and ‘S/N’ is signal to noise ratio (SNR). It can be 
seen from the equation 2.5 that the channel capacity is directly proportional to the channel 
bandwidth and the signal transmission power. As we increase the signal power or bandwidth, 
the channel capacity will increase. However, the frequency spectrum is limited and also the 
signal power cannot be increased without limit as it introduces co-channel interference.  
 
 
 
 
 
 
 
 
  
2.2.2    Multipath propagation and the need for multiple antennas
 
The transmission and reception of radio signals through a wireless channel is influenced by 
multiple propagation paths which occur due to the 
transmitter and receiver in the propagation path. This is known as multipath propagation and 
as a result of which multiple copies of the same signal may arrive at the receiver end at 
different times with probably different
and non
receiver can receive a direct component of the signal from the transmitter, whereas, in non
line of sig
obstacles and there is no direct transmission path available. In mobile communication, the 
signal transmission is mostly non
vector sum of all the signal components received from multiple paths. As a result of this, the 
actual signal power level fluctuates which is known as fading.
Different diversity techniques 
in SISO wireless systems. These techniques employ the technique of transmitting and 
receiving multiple copies of the same signal through different channels instead of one 
channel as in SISO. As a result of transmission and reception through multiple
probability of having a reliable wireless link and increased data throughput increases due to 
the fact that while some signal copies may experience deep fades, others may not. 
Figure 2.4
 
 
 
-line of sight propagation is shown in Figure 2.4. In the line of sight propagation, the 
ht propagation the signal is received only after diffraction and reflection from the 
: An illustration of (a): Line of sight and (b): Non
 phase and attenuation. An illustration of line of sight 
-line of sight and the received radio signal is
are used to lessen the effects of multipath fading exper
 
presence of obstacles between the 
 
-line of sight radio signal propagation.
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Three kinds of diversity techniques are usually discussed in wireless communications [
(a)    Frequency diversity.
In frequency diversity, the radio signal is modulated at different carrier frequencies. This 
leads to multiple copies of the same signal with different and independent fading envelopes.
(b)    Time diversity.
In time diversity technique, multiple copies of the radio signal are transmitted at different 
intervals of time. Each copy has independent fa
(c)    Space diversity.
In space diversity, multiple copies of the same information signal are transmitted through 
multiple antennas. The antennas should be spaced far enough apart so that received copies of 
the same signal must have independent fadi
require any extra channel bandwidth or transmission power. An illustration of the space 
diversity is shown in 
Figure 2.5
An illustration of how two copi
than that of an individual signal component is shown in Figure 2.6.
the receiver combines multiple copies of the transmitted signal received through different 
paths. Each signal being uncorrelated to the others possesses different nulls pattern than the 
other signals and the probability of the multi
: An illustration of spatial diversity [6
 
 
 
Figure 2.5. 
es of an incoming signal combine to achieve better mean SNR 
ding.
ng. This type of diversity technique does not 
]. 
 
ple signals having deep nulls at the same time is 
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very low.
system.
Figure 2.6
SNR [7].
2.2.3 
 
The term MIMO is the acronym of Multiple Input Multiple Output. It is a system of 
transmission and reception in which more than one antenna is used at the transmitter and 
receiver sides. The use of multiple ante
frequency channel greatly increases the channel capacity as each antenna receives not only 
the signal which is transmitted to it but also components of the signal transmitted to other 
antennas. This has t
An illustration of a MIMO antenna system is shown in Figure 2.8. The capacity of a MIMO 
system, consisting of ‘M’ number of ‘transmit’ and ‘receive’ antennas, is given by Shannon’s
capacity theorem as [13]
2.2.4 
 
In wireless communication, the propagation of RF signals through a channel is characterized 
by the multiple paths of propagation which result due to the scattering from certain obstacles 
 This leads to an increased signal level as compared to the conventional SISO 
 
: An illustration of how two copies of an incoming signal combine to achieve better mean 
 
Multiple Input Multiple Output (MIMO)
Why MIMO?
he advantage of increased signal level and transmission efficiency [5]
-[16]:
 
 
* =
 
nnas at the transmitter and receiver using same the 
5 ∗+ ∗ ,-. /1 + 012
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−(2.6) 
  
in the signal path to the receiver as shown in Figure 2.7. This resul
facing problems such as signal fading, multipath and increased channel interference which 
largely degrades spectral efficiency, signal power and range. MIMO technology offers many 
advantages over conventional SISO. Some of these
Figure 
[8]. 
 
 
(a)    Increased Data Throughput and Channel Capacity:
 
In a SISO system, there is a single radio transmission over a channel but in MIMO there are 
multiple transmissions on a single channel 
same signal. This increases data throughput without the requirement of additi
frequency spectrum. The power of the signal is increased as compared to conventional SISO. 
Moreover a single high data rate signal can be split up into low rate multiple data streams and 
transmitted from multiple transmit antenna
capacity owing to a better use of 
[5]-[16].
(b)    Increased Range:
 
In a SISO system, the signal level is highly degraded by the obstacles and multipath fading, 
whereas, in MIMO the signal reflecting off the obstacles is also received as there are multiple 
propagation paths within the same channel. In conventional SISO, the system receiver cannot 
2.7: Multipath Signal Propagation from certain obstacles in real world environment 
 
 
the frequency channel as compared to conventional SISO 
 are discussed below [5]
analogous to
s simultaneou
 
 
 multiple virtual wires carrying 
sly. This largely increases channel 
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ts in wireless technologies 
-[10]. 
onal power or 
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the 
  
easily separate the echoes of the signal through multiple paths, where
being more sensitive than SISO, makes use of the same signal echoes to increase range and 
throughput in a multipath environment [5]
range is shown in Figure 2.8.
 
Figure 2.8
2.2.5 
 
MIMO technology employs several signal processing techniques to utilize all the multipath 
signals received by the multiple receivers to reconstruct the originally sent signal with more 
gain and 
illustration of MIMO transmission and reception is shown in Figure 2.9.
 
Figure 2.9
: Comparison of 
Principles of MIMO
power as compared to conventional wireless communication systems [5]
: Utilization of Multiple Propagation Paths by MIMO increasing data throughput [
  
Range between MIMO and SISO [
 
-[11]. A comparison of MIMO and single radio 
10]. 
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Three types of transmission technique used in MIMO are: 
 
(a)    Pre-coding 
(b)    Spatial Multiplexing 
(c)    Diversity Coding 
   
(a)    Pre-coding: 
 
Pre-coding is the beam-forming of multiple data streams. This occurs at the transmitter side. 
In this scheme of transmission, the same signal is transmitted from each transmitter antenna 
but with different phase and gain. This results in an increased signal power at the receiver. 
The main benefit of pre-coding or multi-stream beam forming is that it increases the received 
signal strength by constructively combining all the received signals thereby reducing 
multipath fading effect. 
 
(b)    Spatial Multiplexing: 
 
Spatial multiplexing is another transmission technique in MIMO. In this scheme the original 
high data rate signal is split up into a number of lower data rate streams and then each stream 
is transmitted through different transmit antennas using the same frequency channel. Each of 
these streams is received by the receiver antennas with a relatively different spatial signature 
making them appear to be many parallel channels at the receiver end. Spatial multiplexing 
greatly increases channel capacity and also improves signal to noise ratio (SNR). 
 
(c)    Diversity Coding: 
 
The above discussed transmission techniques require channel state information (CSI) at the 
transmitter side. In wireless communication, CSI describes how radio signal propagates from 
the transmitter side to the receiver side. It represents the combined effect of scattering, fading 
and power decay as a function of distance. Diversity coding works without requiring CSI at 
the transmit end. In this scheme of transmission, the signal is not broken up into multiple 
streams. So, a single stream of signal is transmitted from all the transmit antennas but with 
nearly orthogonal space time coding. This scheme enhances signal diversity by taking into 
account the fading in each antenna link.  
  
2.2.6    
(a)    MIMO channel model
MIMO wireless communication link employs 
N number of antennas at the transmitter side. A typical MIMO channel model consisting of 
number of antennas at receiver and 
illustrated in 
Figure 2.10
where, s
Where, 
The received signal vector is expressed as: 
In the above equation, 
represents the additive white Gaussian noise. The 
MIMO channe
Figure
: An illustration a typical MIMO channel model [
(t) and r(t) are the transmit and receive signal vectors, respe
T is transpose operator.
l model and capacity formulation
:
 2.10. 
7(
8
H(t) represents the MIMO channel propagation matrix and 
9
 
N number of antennas at the transmitter with 
:) = ;7<(:
(:) = ;8<(:
 
8(:) = 9(:
= =><< >>?< >>< >
M number of antennas at the receiver side and 
 
 
), 7?(:), ……
), 8?(:), ……
 
) ∗ 7(:) + A
H 
<? ><B
?? >?B
? >B CD
 
7]. 
. . , 7 (:)EF
. . , 8 (:)EF
(:) − − −
matrix can be expressed as:
∗G
−−−−
Chapter 2: Theoretical background
ctively, defined as:
−−−−
−−−−
−−−−−
−−−−
M = N
−−−−−
−−−−−
−−−−
 
−−−−−
 
26 
M 
 is 
 
 
−(2.7) 
−(2.8) 
− (2.9) 
A(t) 
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The >B in the above matrix represent the frequency response comprising the complex path 
gain from the transmit point j to the receive point i, for i = 1,2,…,M and j = 1,2,…,N. The 
frequency response of a narrowband channel at a known carrier frequency KL is given in [9] 
as: 
>B = MNOPOQ< 	 . R
/?STU2VW . R(?SXU)YW −−−−−−−−−−(2.11) 
 
where, m is the number of propagation paths between each transmitter and receiver pair, fo is 
the operating frequency, λo is the wavelength, Pk is the received power, lk is the length of the 
kth ray, τk is the time delay corresponding to the kth ray and the term R(?S TZ⁄ )VW represents the 
phase progression due to ray length lk. 
(b)    MIMO channel capacity: 
The narrowband channel capacity for an N × N MIMO system, assuming that the channel 
state information is unavailable on the transmitter side and the total transmit power is 
uniformly distributed among all transmit points, is expressed as: [13] 
*(\) = ,-.? /]R: ^_G + \19 9`a	2 							b&:7/7/9d − − − −(2.12) 
 
where, \ represents the average signal-to-noise ratio (SNR) at each receive point, det;∗E 
denotes the determinant operator, _G is the identity matrix of N × N size, 9  is the normalized   
N × N propagation matrix such that	∑ f>Bf? = 1GBQ< , and 9` indicates the conjugate transpose 
of H i.e. The Hermitian operator. 
A simplified form of (2.12) using the singular value decomposition method (SVD) is 
expressed in [3] as: 
*(\) =M,-.? ^1 + \1 ga
G
Q< 										b&:7/7/9d − − − − − −	(2.13) 
 
Where, λi represents the eigenvalues of 9 9` for i = 1, 2… N, corresponding to each parallel 
orthogonal sub-channel.  
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According to (2.13), MIMO technology has the capacity to obtain almost N more bits per 
second per Hertz for every 3 dB increase in SNR in a rich multipath environment as 
compared to conventional SISO in which only one additional bit per second per Hertz for 
every 3 dB increase in SNR can be achieved [14]. A comparison of the channel capacity for 
SISO and MIMO is shown in Figure 2.11. It can be seen that the channel capacity increases 
by increasing the number of antennas at the transmitter and receiver sides. The capacity of    
4 x 4 MIMO is almost five times the capacity of SISO. 
   
Figure 2.11: An illustration of increase in channel capacity with increase in number of transmitter and 
receiver antennas [3]. 
2.2.7 Requirements of MIMO Antenna Design: 
 
The placement of multiple antennas on a compact platform imposes many design challenges 
such as low correlation between multiple antennas, good efficiencies and good return losses. 
In MIMO, the multiple antennas have to perform with a low coupling, not majorly affecting 
the radiation characteristics of each other. The multiple antennas on the same platform should 
have the same frequency bandwidths, isolation performance and radiation characteristics such 
as the gain and radiation efficiency. In order to meet these criteria, techniques proposed in the 
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literature include various decoupling structures etched between MIMO antennas and the 
relative orientation of the MIMO antennas to improve polarization decoupling. According to 
the research work done by Saunders, the maximum permissible value of correlation should be 
less than 0.7 so that there is no more than 3 dB loss in the diversity gain [17]-[19]. Also the 
isolation between multiple antennas in MIMO should be better than 15 dB. Likewise, the 
return loss criterion for the bandwidths accommodated by MIMO antennas should be better 
than 10 dB to meet the practical requirements [20]-[23]. However, for compact antennas such 
as for mobile handset, the bandwidth is usually defined with reference to a return loss of 6 
dB.  
2.2.8 Applications of MIMO: 
 
The major applications in which MIMO technology has been successfully employed are: 
 
• WLAN 802.11n 
• Mesh Networks 
• WMAN – WiMAX 802.16e 
• 4G Mobile Internet 
• Digital Home 
 
In mobile communication, the downlink MISO has already been realized in some practical 
smartphones where multiple antennas are used at the transmitter base station and a single 
antenna is used at the receiver of the mobile handset [10]. However, the implementation of 
uplink MIMO with multiple transmit antennas is not yet successful in mobile handsets due to 
the size limitations. In uplink MIMO, the mobile handset acts as transmitter and the base 
station acts as receiver [10]. It is a major challenge to place multiple antennas inside mobile 
handset while achieving acceptable isolation and return loss performances. It is therefore a 
research problem yet to be resolved especially at the lower frequency bands such as GSM 
850 and LTE 700. 
  
Figure 2.12: Applications of Multiple-Input Multiple-Output (MIMO) [11].
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CHAPTER 3 
LITERATURE REVIEW 
 
This chapter provides a review on multiband antennas for mobile handsets that have 
been proposed recently in the literature. A comprehensive analysis for both single and 
MIMO antennas will be presented. Also, a literature review on the reconfigurable 
antennas using different switching techniques is also included. 
3.1 Review of the State-of-Art 
Research and development in multiband mobile phone antennas has been an area of 
intense undertaking by many groups over the last few years due to the demand of 
having sleek designs capable of covering the 2G, 3G and 4G cellular services. The 
detailed literature reviews on the current single (SISO), MIMO and reconfigurable 
antenna designs presented in the references [1]-[79] will be discussed. The single 
antenna designs include PIFA antennas [1]-[14], loop antennas [15]-[20], monopole 
antennas [21]-[31], slot antennas [32]-[37], dielectric antennas [38] and coupled fed 
antennas [39]-[43]. There are fewer MIMO and reconfigurable antenna designs for 
handset applications due to the potential problem of having designs with acceptable 
isolation between multiple antennas. This makes the reconfigurability of radiation 
pattern from a mobile antenna a big challenge especially when dealing with multiple 
frequency bands. The objective of this literature review is to analyze the designs of 
current handset antennas and to examine the major issues associated with the design 
of multiband antennas in a compact volume. 
 3.1.1 Single 
A planar inverted
3.1 is composed of 
The antenna is capable of covering 
antenna is such that it is 7
suitable for new generation sleek d
not provide
Figure 3.1: Compact five band internal antenna for mobile phone [7]. 
 
Another PIFA for mobile phones has been presented in [14]. The an
comprised of a ground plane and 
radiating patch and shorting stub is connected between antenna and ground plane as 
shown in figure 3.2. Though the antenna is very simple to fabricate with a low 
manufacturing cost, the antenna is giving a narrow bandwidth covering only GSM 
1850/1900.
antenna (SISO)
-F antenna (PIFA) is presented in [7]. The antenna shown in figure 
a helical feed, folded patch and two slots for improved bandwidth. 
 any bandwidth for covering 3G and 4G cellular services
 
 designs:
 mm high from the ground plane which makes is not 
 
only GSM 850/900/1900. 
esigns of mobile handsets. Also the antenna 
a radiating patch. The feed is provided to the 
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The geometry of the 
 
.  
 
tenna 
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does 
is 
 Figure 3.2: Tapered PIFA for handset terminals [14]. 
 
The size of the traditional PIFA antennas 
mobile housings
antenna is shown in [9]. The antenna is a 
850/900, GSM 1850/1900 and UMTS. The antenna comprises of a 
two folded radiation strips by coupling as sh
coupled fed to generate 
dB bandwidths covering GSM 850/900 and GSM 1850/1900 and UMTS.
. In order to 
λ
improve this, the
/8 and λ/4 resonant modes. These two resonant modes give 
is
 
 not suitable to be mounted inside thin 
 printed PIFA 
λ/8 PIFA capable of covering GSM 
own in figure 3.3. The two strips are 
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was introduced. One such 
microstrip, 
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feeding 
6 
 Figure 3.3: Printed 
 
The major drawback of the PIFA 
which makes the designs highly unsuitable for smartphone applications.
bandwidth can be significantly improved 
some parasitic structures. 
this, loop antennas are found to be more suitable for multiband mobile phone 
communication. Loop antennas are one of the most promising candidates for 
achieving multiband operat
antennas can
antennas consist
with a wide bandwidth [15]
is composed of a folded loop strip and an internal matching circuit formed by a 
coupling strip and an inductive strip as shown in figu
resonates at lower frequency band. 
bandwidth at 
ranging from 1650
cellular frequency bands
λ/8-PIFA for Internal Penta
 operate 
 of thin metal
upper frequency bands
 MHz to 
Also the PIFA antennas occupy a large volume.
ion in a mobile phone. 
at 1λ and 0.5
lic 
-[20]. One su
2250 MHz 
.   
-Band Mobile Phone 
designs presented earlier is the 
by employing 
λ modes with 
strips, folded to form a very compact configuration 
ch antenna is presented in [19]. The antenna 
The internal
. The bandwidth 
covering
U
a fairly 
 matching circuit increases the 
 GSM 900, DCS, PCS and UMTS
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Antenna [9].
a coupled
nlike traditional PIFAs
compact volume. 
re 3.4. The folded loop strip 
thus achieved is
 
narrow bandwidth
 feed or by use of 
 To improve 
 600
 
36 
 
 
 The 
, loop 
Loop 
 MHz 
 
  
Figure 3.4: 
Circuit for GSM/DCS/PCS/UMTS Operation in the Mobile Phone
 
Another loop antenna has been presented in [16]. The antenna geometry is shown in 
figure 3.5. The antenna is composed of a loop antenna that genera
mode at 900 MHz and a 1
antenna is not wide enough to cover DCS, PCS and UMTS bands. For this purpose 
two side tuning sections and one central tuning section is introduced which provi
1.5λ resonant mode covering DCS, PCS and UMTS. 
Quarter-Wavelength Printed Loop 
λ mode at 1900 MHz. However the bandwidth of the loop 
Antenna with an Internal Printed Matching 
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 [19].  
tes a 0.5λ resonant 
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des 
 Figure 3.5: Internal Penta
  
The loop antenna can be folded to make an inverted
is described in [20] and is composed of
The antenna is capable of operating in two modes of which one is the loop mode and 
the other is the inverted
the pin diode is ‘ON’ the antenna works i
operates in the inverted
structure as two IFAs. A shorting bridge is used to connect the antenna feed point 
with the shorting point to widen the frequency bandwidth
also used for good impedance matching. The antenna operates in the 0.5
mode at the lower band for covering GSM 850/900, whereas, 1
obtained to achieve the higher frequency bandwidths for covering GPS
UMTS and WLAN. The configuration of the antenna requires a supporting structure 
and also the presence of the diode switch requires biasing circuit and possibly an 
insertion loss will be introduced.
-Band Printed Loop
-F mode. A pin diode is used to control these modes. When 
-F mode when the diode is ‘OFF’ thereby making antenna 
  
-Type Mobile Phone Antenna [16].
 a folded loop structure as shown in figure 3.6. 
-F configuration. One such design 
n the loop mode, whereas, the antenna 
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. Moreover a tuning pad is 
λ and 1.5
 
λ resonant 
λ modes are 
, DCS, PCS, 
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 Figure 3.6: 
Phone [20]. 
 
Another type of antenna commonly designed for mobile phone applications is the 
monopole antenna which usually possesses a wide bandwidth thus making them 
suitable for hand
composed of a T
substrate as shown in figure 3.7. The design comprises a slotted ground plane etched 
on the backside of 
shaped copper strip is soldered at the end of the monopole. The slot and slit in the 
ground portion leads to some additional excited modes. The proposed antenna 
resonates in two frequency bands. T
covering GSM 850/900, whereas, the upper band ranges from 1705 MHz to 2175 
MHz covering GSM 1850/1900 and UMTS.  The reason for having a good bandwidth 
at the upper band is the presence of the slotted ground pla
A Compact Hepta
 
set applications. One such design is presented in [28]. The antenna is 
-slit monopole that is printed on the non
the substrate. To cover the lower GSM band, an additional L
-Band Loop
 
-Inverted F Reconfigurable Antenna for Mobile 
he lower band ranges from 840 MHz to 965 MHz 
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-grounded portion of the 
ne which contributes to a 
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-
 0.25λ resonant mode at 1920 MHz. However, practically the radiation of the ground 
plane is not desirable as it can be affected by the presence of the components on the 
circuit board which largely changes the behavior of the antenn
Figure 3.7: Miniature Internal Penta
 
Another design of 
presented in [31].  The antenna is composed of a single radiator composed of two 
branches and a floating element 
The antenna is 
GPS, DCS, PCS, UMTS, WLAN and WiMAX.
wavelength mode. The floating element makes a magnetic dipole of length close to 
0.5λ at 3.5 GHz. The floating element 
improving its frequency bandwidth
Another antenna employing monopole slots is 
in figure 3.
edge of the 
while DCS, PCS
feed used in the design 
monopole antenna capable of hepta
resonating in
9 is composed of two monopole slots of different length cut at the 
substrate. 
, UMTS and WLAN are due to the 
-
that is printed 
 three 
The longer 
is a microstrip line that is p
Band Monopole Antenna for Mobile Phones [28]. 
frequency 
is coupled to
. 
slot excites the lower band covering GSM 850/900 
on the back side as shown in figure 3.
bandwidth
 The antenna operates in 
 the antenna at the front side thus 
discussed
radiation of the 
rinted at the backside with an 
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a in practice.
-band operation has been 
s thus covering GSM
 in [32]. The antenna shown 
 
 
the 
shorter slot
 
40 
 
8. 
 900, 
quarter 
upper 
. The 
 additional tuning stub to i
bands. 
Figure 3.8: Compact Printed Hepta
 
Figure 3.9: Printed Monopole Slot Antenna for Internal Multiband Mobile Phone Antenna 
[32].  
 
mprove 
-Band Monopole Antenna for Mobile Devices [31]. 
the impedance matching at 
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the lower and upper 
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 Besides the 
also researched. One such design is presented in [38]. The antenna is a PIFA antenna 
with a high Q dielectric ceramic puck placed at the feeding point as shown in figure 
3.10. The in
frequency band. The ceramic puck used is based on BaO
signal flows through the ceramic puck, it operates as a dielectric resonator due to 
which the signal power is wid
elements. The antenna is capable of covering GSM 850/900 and GSM 1800/1900 
when referenced to a return loss of 6 dB. The design however is not suitable for 
handset applications due to the compact size o
ceramic puck increases the price.
Figure 3.10: Multiband Internal Antenna for Mobile Phones Using a Hi
[38]. 
 
The designs discussed above are mostly direct fed in which the feeding branch is 
directly connected to the radiating element. However, it is seen from the above 
designs and their results that the bandwidth achievement is a big issue especially at 
the low frequency band. The compact size of a mobile phone is largely limiting the 
previously discussed design approaches, the use of dielectric material is 
troduction of the ceramic puck increases the bandwidth at the lower 
ely spread and delivered from the feed to the antenna 
 
f a mobile handset. Also the use of the 
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gh Dielectric Material 
2O3-TiO2
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size of the antenna. Recently some designs have been proposed in which the radiating 
strip of the antenna is fed through coupling and a coupling gap is adjusted between 
the feeding strip and the radiating strip [39]-[43]. One such design is presented in 
[39]. The antenna is a coupled feed printed PIFA as shown in figure 3.11 and is 
composed of a T-shaped monopole patch that is feeding two meandered monopoles 
through coupling. One of the strips is shorted to the ground and is etched at the 
bottom layer of the substrate, whereas, the second strip is printed at the front layer. 
This strip and the T-shaped patch contribute a wide bandwidth at the higher 
frequency. The strip etched at the backside is slightly longer in length thus 
contributing to a bandwidth at lower frequency. The antenna resonates in two 
frequency bands with the lower band ranging from 698 MHz to 960 MHz covering 
LTE 700, GSM 850/900 and the upper band ranging from 1810-2690 MHz covering 
GSM 1850/1900, UMTS and LTE 2300/2500. Though the antenna is covering most 
of the 2G, 3G and 4G cellular frequencies, the practical implementation of the design 
is difficult due to its complex structure. 
 Figure 3.11
LTE/GSMIUMTS Mobile Phone Antenna [39]. 
 
 
 
 
 
 
 
 
 
: Low-Profile Coupled-Fed Printed PIFA for Internal Seven
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3.1.2 MIMO Antenna Designs: 
Multiple-input and multiple-output antenna systems are a key mobile transmission 
technology being under research over the last 20 years. The use of multiple antennas 
at the transmitter and receiver largely improve the channel capacity and reliability in a 
rich scattering real world environment by reducing multipath fading and co-channel 
interference [50]-[68]. The antennas that were discussed in the previous section were 
single element (SISO) multiband antennas for mobile phones. In this section some of 
the MIMO antenna designs for handset applications that have already been proposed 
in the literature will be discussed. The main difference between a MIMO antenna for 
base station and one for a mobile handset is the size limitation of the handset. This in 
turn induces more limitations for the design engineers the major of which is the 
mutual coupling between the multiple antennas within the compact volume [50]-[68]. 
Numerous MIMO antenna designs have been proposed over the last few years. 
Different types of decoupling techniques have been discussed for achieving an 
acceptable isolation.  
A MIMO antenna design has been presented in [55] with the geometry as shown in 
figure 3.12, where two antennas are mirrored on the top and no-ground portion of the 
substrate. Each antenna is composed of two resonant units, one etched on the front 
side and other on the back side of the substrate. In order to decrease the coupling, the 
antennas are placed at 450 to each other. A slot has been made to further improve the 
isolation at the lower frequency band. Each antenna resonates in two frequency bands 
with the lower ranging from 1620 MHz to 3600 MHz and the upper from 4400 MHz 
to 5920 MHz. Each antenna covers the GSM 1800/1900, UMTS, WLAN and 
WiMAX bands. Though the antennas are compact and covering most of the cellular 
frequency bands, the isolation is very poor and needs to be improved. 
 Figure 3.12: A Compact Wider Dual
 
Another design of the 
has been presented in [56]. The design is composed of two back to back printed 
symmetrical hybrid antennas and a dual loop antenna arranged with them as shown in 
figure 3.13.  The hybrid structure i
Microstrip coupled monopole slot. The coupled feed PIFA is composed of an inverted 
L-shaped radiating branch that is printed on the back side while the feeding strip is 
printed on the front side of the substrate
LTE 2500 bands. Despite satisfactory isolation, the fabrication of the antennas due to 
the complex structure is very difficult. Also the antennas cover few cellular frequency 
bands. 
concurrent 2
-Band MIMO Antenna Array for Mobile Phone [5
-port / 3
s formed by a printed coupled fed PIFA and a 
. The proposed antennas cover UMTS and 
-port MIMO antennas for mobile phone 
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5].  
  
Figure 3.13
Operation in the Mobile Phone [5
 
A fairly compact and less complex design of MIMO antennas for multiband 
applications is presented in [57]. The antennas possess a simpler isolation technique. 
The design is co
orthogonal radiation. To improve isolation, a T
the coupling path thereby restricting the current from the antenna 1 to the antenna 2. 
The proposed antenna system is shown in figure 3.14. The antennas are re
three bands covering GSM 850/900, DCS, PCS, UMTS, WLAN and LTE 2500 with 
isolation better than 15 dB. However, the width of the substrate can be reduced to 
make the design suitable for smartphones.
 
Another design with a novel decoupling struc
antenna is tetra
return loss of 6
presents two coupled fe
3.16. A slot and a dual inverted
of the substrate
resonance at 1.05 GHz.
 
: Concurrent 2
mposed of two multi
-band covering GSM 900/1800/1900 and UMTS when referenced to a 
 dB and
 for the improvement of 
-Port/3
6]. 
 the isolation 
ed loop antennas arranged in symmetry
-L shaped ground branch were 
 
-Port MIMO Antenna System for UMTS/LTE2500 
 
-patch monopole antennas placed 90
  
achieved is better than 10 dB. The design 
isolation
-shaped ground branch is used to block 
ture has been presented in [59]. The 
. The
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 as shown in figure 
etched
 slot also 
0
 apart for 
sonating in 
 at the back side 
contributes to a 
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 Figure 3.14: Novel Compact Multiband MIMO 
Figure 3.16
Application [59]. 
 
: Tetra-band Small
 
-Size Printed Strip MIMO Antenna for Mobile Handset 
Antenna for Mobile Terminal [57].
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 A recent MIMO antenna design for mobile handsets is presented in [63]. The antennas 
proposed in this design are planar 
consists of coupled feed monopole strips which are continuing from the front side to 
the back side of the substrate as shown in figure 3.17. The antennas are capable of 
covering the lower LTE band. The overall 
MHz to 796 MHz. The antennas proposed in this design are compact with an overall 
volume of 55 x 100 x 1.6 mm
covering only the LTE lower band which makes the impleme
multiband smartphones.
 
 
Figure 3.17: Compact Planar MIMO Antenna for LTE Mobile Application [63]. 
 
Another MIMO antenna design was presented recently in [64]. The antennas of the 
proposed MIMO configuration are PIFAs as shown i
occupies an area of 17 x 9.75 mm
overall volume of 100 x 50 x 0.8 mm
plane using a support structure. Each antenna covers LTE band 13 
PCS 1900 and WiMAX (3.05
the basic cellular frequency bands and have a poor isolation at the upper frequency 
bands. Also, the antennas are folded PIFAs which makes the fabrication more 
difficult. As the antennas are placed at a height above the ground plane, the design is 
not suitable for slim housed mobile handsets.
3
. The antennas however have limited cellular coverage 
 
-3.65 GHz) frequency bands. The antennas do not cover 
monopoles in MIMO configuration. Each antenna 
2
 at the top edge of the FR
3
. The antennas are placed above the ground 
bandwidth is 51 MHz ranging from 745 
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ntation not suitable for 
n figure 3.18. Each antenna 
-4 substrate with an 
 
 
(765-798 MHz), 
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 Figure 3.18: A Compact Tri
 
 
A MIMO antenna design using ceramic 
presented recently in [65]. The overall design is shown in figure 3.19 where folded 
strip antennas have an overall volume of 35 x 11 x 5 mm
ceramic material which gives a shorter guided wavele
bandwidth. The ceramic is fed through coupling using a microstrip line which then 
excites the antenna. The height of the antenna is 5mm, which makes it unsuitable for 
slender designs. Also the isolation between the antennas is po
upper frequency bands.
Figure 3.19: Ceramic Based Small LTE MIMO Handset Antenna [65]. 
 
 
-Band MIMO/Diversity An
  
tenna for Mobile Handsets [64].
material for LTE communication was 
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3
. The antenna utilizes a new 
ngth and a wider frequency 
or at the lower and 
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 A MIMO antenna design consisting of 2 x 2 pairs is presented in [67] and the 
geometry is shown in figure 3.20. The two antennas at the top no
substrate are identical and so as the two antennas at the bottom. Each antenna 
resonates at 2.4 GHz covering the 2.4 GHz LTE band only. The proposed MIMO 
antennas are compact but due to poor band coverage and isolation, the design is not 
suitable for multiband mobile handsets.
 
Figure 3.20: Four MIMO Handset Antennas [67]. 
 
3.1.3 Reconfigurable Antennas for Mobile Handsets:
This section 
handsets. The antenna designs reviewed include PIN 
switching techniques
antennas. P
handset wh
 
A design of 
presented in [69]. The antenna is 
wideband coplanar waveguide (CPW) to coplanar stripline (CPS) transition is used to 
feed the antenna. Two silicon photo diode switches are used 
presents
. The reviewed designs are mostly 
attern reconfigurable designs are rare due to the si
ich makes it difficult to 
frequency and beam reconfigurable antenna using optical switches is 
 a literature review 
 
achieve with MIMO antennas
a printed dipole 
 
of reconfigurable antennas for mobile 
as shown in figure 3.2
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-
 
 
diodes, MEMS and optical 
of frequency reconfigurable 
ze limitation of 
. 
on the arms of the dipole 
ground edge of the 
a mobile 
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1(a). A 
 and the activation of the switches is 
optical fibre. 
both switches are 
switches are 
GHz. Also 
the left switch is 
rotating the pattern to the left
right switch is 
reconfigurability within a compact volume. However, due to limited frequency 
coverage, the antenna cannot be employed in multiband cellular handsets. 
                 (Only Left Switch is ON)                          (Only Right Switch is ON)
Figure 3.21: Frequency and Beam Reconfigurable Antenna Using Photo
[69]. (a): Proposed antenna geometry. (b
The radiation patterns 
‘ON
‘OFF’, the antenna operating frequency shifts from 2.26 GHz to 3.15 
the radiation pattern
‘ON’
‘ON’. 
’, the antenna resonates at 
s show that the antenna is beam reconfigurable. When 
 the left arm of the antenna becomes longer than the right thus 
. Likewise,
The proposed design is a good example for achieving pattern 
achieved
of the antenna are shown in figure 3.24 (b
 the pattern 
 
(a) 
(b) 
): Radiation patterns of the proposed antenna. 
 using infrared laser diodes through
2.26 GHz
is 
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rotated to the right when the 
 
-
 
 
conducting Switches 
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). When 
 
 
 A frequency 
proposed design operates in two modes
between the modes is done using two PIN diode switches. The overall geometry of 
the antenna i
2 is ‘OFF’, the antenna operates in 
PIN diode 1 is ‘OFF’ and the PIN diode 2 is ‘ON’, the antenna operates in loop mode 
covering GSM
proposed design 
for sleek handsets.
Figure 3.22: A Reconfigurable Antenna for Quad
 
A recent reconfigurable antenna for mobile handsets was presented in [71] and the 
geometry is shown in figure 3.23.  The proposed antenna is composed of a PIFA 
antenna with an overall volume of 40 x 16 x 5 mm
the electrical length o
antenna. When the PIN diode is ‘OFF’, the proposed antenna covers GSM 850/900, 
DCS, PCS and UMTS frequency bands. By switching the PIN diode ‘ON’, the 
electrical length of the antenna increases 
lower LTE band (698
 
reconfigurable antenna for mobile handsets is presented in [70]. The 
s shown in figure 3.22
 1800/1
is the height above
 
-
900 and UMTS
f the antenna thereby changing the operating frequency of the 
787 MHz). 
, the PIFA mode
. When the PIN diode 1 is ‘ON’ and the PIN diode 
the PIFA mode covering GSM
 2100 frequency bands. 
 the ground which is 6mm
making the antenna capable of covering the 
 
-Band Mobile Handset [70]. 
3
. A PIN diode is used to control 
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 and the loop mode. 
 900 only. When the 
A major shortfall
 making it not suitable 
Switching 
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 in the 
 
 Figure 3.23: A Reconfigurable PIFA Using a PIN
/PCS/ UMTS [71]. 
 
 
Two frequency reconfigurable antenna designs have been presented in [72]. Each 
design covers two frequency bands with the first ranging from 700 MHz to 960 MHz 
and the second from 1.7 GHz to 2.7 GHz. The operating band reconfigurability is 
achieved using micro
up of a driven
figure 3.24. The input impedance of the parasitic strip is changed using a two
matching network and the branch selection is done using MEMS switches. The 
second design is compos
capacitively coupled to the parasitic strip as shown in figure 3.25. In this design, a 
selection is made between driven strips using MEMS switches thereby increasing or 
decreasing the length of the radia
the lower LTE band. Though the designs proposed in this work are compact, the use 
of MEMS switches in mobile handsets is not suitable due to the high insertion loss, 
high biasing voltage (50
 
 
-
 monopole that is capacitively coupled to a parasitic strip as shown in 
electro-mechanical switches (MEMS). The first design is made 
ed of two driven strips. One of the driven strips is 
-70V) and com
tor, thus enabling or disabling the antenna to cover 
plex matching network required.
-Diode for LTE/GSM850/GSM900/DCS
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-branch 
 Figure 3.24: A Tuneable Antenna Using MEMS Switches for LTE Mobile Terminals [72]. 
 
 
Figure 3.25: A Tuneable Antenna Using MEMS Switches for LTE Mobile Term
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 Other recent designs of the reconfigurable an
A pattern reconfigurable antenna in MIMO configuration for mobile applications has 
been presented in [7
Figure 3.26
 
The design is composed of two MIMO antennas placed diagonally at the no
portion of the substrate. In order to achieve a better decoupling, two parasitic 
elements are also designed and tuned.
reactive loads at 
and thus obtaining two states for the 
the loads is done using 
highly de-correlated radiation patterns. The radiation patterns of the reconfigurable 
antenna in the different states are shown in figure 3.27. Despite
reconfigurability and
cellular coverage is restricted
the antennas above the ground plane is 6 
sleek smartphones
 
5]. 
: A Pattern Reconfigurable Chassis
the two ports. 
 
. 
The geometry of the antennas is shown in figure 3.26. 
This leads to two sets of loads decoupling the antennas 
PIN diode
good decoupling performance of the MIMO antennas
 with a 
 Furthermore, 
reconfigurable
s and LC network
resonance at 2.36 GHz only. Also the 
mm which makes the design not suita
tennas have been presented in [74]
-Mode MIMO Antenna
a four
 antenna
s for achieving orthog
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-port network
. The selection between 
 
 [75]. 
 is loaded with 
onal and 
 
height of 
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-[78]. 
 
-ground 
pattern 
, the 
ble for 
 Figure 3.27
Antenna [7
 
The design presented in [7
compact and printed but the operating bandwidth is 5.15 
suitable for cellular handsets
 
 
 
: Radiation patterns of Pattern Reconfigurable Chassis
5]. 
6] is of p
.  
attern reconfigurable antennas that are 
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A detailed comparison of the various switching techniques reported in this review is 
shown in Table 3.1. 
 
Table 3.1: Comparison of various Switching 
techniques used in reconfigurable antennas [79]-[90]. 
Switch Theory of operation Advantages Disadvantages 
P-i-n Diode 
Heavily doped p-type and 
n-type regions; Lightly 
doped intrinsic region; 
Low forward biased 
resistance; Open circuit 
in reverse biased state. 
Low loss when forward biased 
(ON state); Low capacitance 
when reverse biased (OFF 
state); Reasonable linearity; 
Low biasing voltage; Cheaper 
technology; Readily available; 
Easier implementation. 
Large DC power 
consumption due to a 
large biasing current; 
May reduce 
antenna’s gain and 
efficiency. 
FET 
Operated by the flow of 
current between source 
and drain when a voltage 
is applied at the gate. 
Low loss when forward biased 
(ON state); Low capacitance 
when reverse biased (OFF 
state); Low power consumption; 
Good linearity. 
Availability at 
various frequencies 
is limited especially 
in the range of 1.5 – 
2.1 GHz. 
MEMS 
Miniature electro-
mechanical switch; An 
electrostatic force results 
which connects the beam 
when a biasing voltage is 
applied. 
Low insertion loss when 
forward biased (ON state); Low 
capacitance when reverse 
biased (OFF state); Excellent 
linearity. 
Large biasing 
voltage; Slow 
switching; Complex 
biasing circuitry; 
Poor reliability; 
Temperature 
sensitive. 
Varactor 
The capacitance of 
varactor switch changes 
inversely with the applied 
voltage; A thin depletion 
region. 
Continuous tuning for wide 
bandwidth; Low consumption 
of DC power. 
Poor linearity; Bias 
voltage needs to be 
analog. 
Silicon  
Photo-diode 
This switch gets forward 
biased when the silicon is 
subjected to a source of 
light. 
Extremely low insertion loss; 
No biasing wires; Fast 
switching. 
Not easy 
implementation for 
some wireless 
devices; May not 
work properly if the 
intensity and power 
of the light source 
changes. 
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Summary 
 
A comprehensive literature review was presented in this chapter which included both 
single and MIMO antenna designs for handset applications. Single antenna designs 
are widely available. However, MIMO and the reconfigurable designs with acceptable 
performance and isolation are less common and this is a potential task that is under 
research. The single antenna designs discussed in the literature review were mostly 
simple PIFA, loop antennas and monopole antennas. It was observed that the 
bandwidth with a coupling feed is more than that with the direct feed. Also the 
coupling feed makes the antenna structure much simpler and more compact. So 
coupled fed antennas seem to be more suitable for the small volume of a mobile 
handset. Also, to obtain a single antenna capable of covering all the cellular frequency 
bands is a challenging task in itself. 
 
The MIMO designs discussed in this chapter involved various decoupling techniques. 
It is concluded that the current designs are not covering most of the cellular frequency 
bands while simultaneously showing a good isolation between the MIMO antennas. 
The potential problem to be solved is to obtain compact MIMO antennas capable of 
covering multiple mobile communication frequencies with an acceptable isolation 
performance. 
 
The reconfigurable antenna designs that have been included in this chapter are mostly 
of frequency reconfigurable antennas using PIN diodes, MEMS and optical switching 
schemes. However, these designs for smartphone applications are rare due to the 
compact size of a mobile handset which makes the design challenging. To achieve 
pattern reconfigurability from a compact handset antenna is a very challenging task.  
The close spacing between MIMO antennas in a mobile handset largely increases the 
farfield correlation which in turn results in poor diversity performance thus hindering 
the capability of the MIMO antennas to achieve pattern reconfigurability while 
assuring multiband cellular coverage. It is therefore a challenging research problem 
yet to be resolved. 
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CHAPTER 4 
MIMO ANTENNAS FOR MOBILE HANDSETS 
 
This chapter will present three new MIMO multiband antenna designs for mobile 
handsets. The antennas are designed to cover 2G, 3G and 4G cellular frequency 
bands. Simulation and measurement results are given along with a comprehensive 
simulation analysis of each design. 
4.1    Quad-band MIMO multi-branch monopole antennas 
Motivated by the features of the multiband and MIMO antennas discussed in Chapter 
3, a multiband antenna for mobile handsets is designed in a MIMO configuration. The 
antenna covers four different frequency bands thereby providing coverage for most of 
the cellular services. The antenna is primarily designed as single element 
configuration in [1] by Jie Ma et. al. and is a miniature printed monopole on an FR-4 
substrate as shown in Figure 4.1.  
The antenna is quad band, covering the GSM 850/900, GSM 1800/1900, UMTS, 
WLAN and WiMAX frequency bands. In this chapter the design proposed in [1] is 
remodeled in a 2-element MIMO configuration on the top layer of a FR-4 substrate of 
thickness 0.8 mm. In addition, a decoupling structure is designed on the bottom layer 
of the substrate to achieve an acceptable isolation performance. The following 
sections will present the design of the MIMO antennas and a discussion of the 
simulation and measurement results. 
 
 
 Figure 4.1: Miniature Printed Octa
4.1.1   Antenna Design:
The antenna was 
in CST® Microwave Studio [2]. Figure 4.2 shows the simulation model and geometry 
of the multiband MIMO antennas for mobile handsets. The detailed dimensions of the 
antennas are presented in F
Figure 4.2: Simulated model of the quad
antennas. (a): Top layer. (b): Bottom layer. [Units: mm]
designed and optimized in MIMO configuration through simulations 
 
igure 4.3.
-band Monopole Antenna for Mobile Phones [1].
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CST® 
on the 
es is 
2
. 
 of the S-parameter
network analyzer plac
London (QMUL)
inside anechoic chamber set up at 
discrepancies in the experimental results due to the fabrication imperfections and the 
measurement setup.
Figure 4.4: Fabricated prototype of the quad
antennas. 
 
4.1.2    Working Mechanism:
Each antenna 
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current distribution 
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in Figure 4.5
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-c’ 
‘d-e-f’, 
23 mm 
x’ is 13 
 Figure 4.5: Surface current distributions of the 
monopole antennas. 
 
It can be seen that a minor current is propagating in the ground plane. If the current is 
large in the ground plane then it can be affected by the electronic components. So the 
decoupling technique should not
decoupling technique used in this design includes a slot that cuts into the ground plane 
and inverted L
no-ground part on the bottom layer of th
inverted-L branches draws a large amount of current thereby restricting the flow of 
current from one port to the other. This largely improves the isolation performance of 
the MIMO antennas.
4.1.3    Parametric Study:
(a)    Effect of Decoupling Structure:
A stepwise approach for modelling the proposed decoupling structure is shown in 
Figure 4.6. 
 
-shaped metallic branches that extend from the ground plane into the 
 
The effect of 
 
each part of 
 introduce current in the ground plane. The 
e substrate.  The ground slot along with the 
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Figure 4.7: Effect of decoupling structure on the S-parameters (S11) of the quad-band MIMO 
multi-branch monopole antennas. 
 
Figure 4.8: Effect of decoupling structure on the S-parameters (S21) of the quad-band MIMO 
multi-branch monopole antennas. 
 
The effect of the decoupling structure on the gain and efficiency of quad-band MIMO 
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MIMO antennas remain acceptable. The decoupling structure reflects the radiation 
patterns of the MIMO antennas without majorly affecting their radiation 
characteristics. This results in highly de-correlated radiation patterns thus improving 
the isolation performance. 
 
Table 4.1: Effect of decoupling structure on the gains  
and efficiencies of the quad-band MIMO multi-branch monopole antennas. 
Freq. 
(GHz) 
Simulated Efficiency (% age) Simulated Gain (dBi) 
With  
Decoupling 
Without 
Decoupling 
With 
Decoupling 
Without  
Decoupling 
0.90 82.4 74.9 1.80 1.27 
2.10 82.9 72.5 3.51 2.08 
3.50 69.4 82.3 4.43 5.35 
5.40 61.8 72.1 2.79 3.04 
 
 
(b)    Parametric Analysis on the length of the ground slot: 
A parametric analysis of the antenna was performed on the length of the ground slot 
etched on the bottom layer of the substrate. The length of the slot in the proposed 
design is 40 mm. A parametric analysis was performed by varying the length from 30 
mm to 50 mm and the effect is plotted in terms of the S-parameters of the MIMO 
antennas. The effect of varying slot length on S11 is shown in Figure 4.9, whereas, the 
effect of the change in length on the isolation performance of the MIMO antennas
 
is 
shown in Figure 4.10. 
 
From Figure 4.9, it is seen that there is no noticeable change in 6 dB bandwidth of the 
MIMO antennas when the slot length is varied from 30 mm to 50 mm. However, by 
changing the slot length, the isolation between the antennas is largely improved as 
shown in Figure 4.10. The isolation is poorer than 15 dB at slot lengths of 30 mm to 
35 mm and it is better than 15 dB at the slot lengths of 40 mm to 50 mm. A slot length 
of 40 mm is selected to achieve an optimum combination of isolation and return loss. 
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Figure 4.9: Effect of changing the slot length on the s-parameters (S11) of the quad-band 
MIMO multi-branch monopole Antennas. 
 
 
Figure 4.10: Effect of changing the slot length on the s-parameters (S21) of the quad-band 
MIMO multi-branch monopole Antennas. 
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4.1.4    Simulation and Experimental Results: 
This section presents the simulation and experimental results with the aid of 
comparison and analysis. 
 
(a)     S – Parameters: 
The S-parameter curves of the MIMO antennas are shown in Figures 4.11 and 4.12. 
The S-parameters of only one antenna are shown as both are identical. It can be seen 
from Figure 4.11 that each MIMO antenna is radiating in four different frequency 
bands when referenced to a return loss of 6 dB. The first band ranges from 835 MHz 
to 961 MHz covering the 2G GSM 850/900, 3G HSDPA 800/850/900 and 4G LTE 
bands 5, 8, 19 with a resonance at 911 MHz. The second band ranges from 1656 MHz 
to 2272 MHz covering the 2G GSM 1800/1900, 3G HSDPA 1700/1900/2100 and 4G 
LTE bands 1-4, 25, 30 and WLAN 802.11 b/g/n. The third band ranges from 3346 
MHz to 3816 MHz covering WiMAX 3.4 GHz and WLAN 802.11y. Likewise, the 
fourth band is between 5099 MHz and 5796 MHz covering WLAN 802.11 a/n. The 
antennas cover most of the cellular bands in the range of 0.8 GHz – 6.0 GHz. The 
frequency of each cellular service is given in appendix I. 
 
Figure 4.11: S-parameters (S11) of the quad-band MIMO multi-branch monopole 
antennas.  
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Figure 4.12: S-parameters (S21) of the quad-band MIMO multi-branch monopole 
antennas.  
 
The simulated S-parameters of the quad-band MIMO multi-branch monopole 
antennas show good agreement with the measurements. However a minor shift of 
frequency has been observed in the measurement results which mainly occurred due 
to the fabrication imperfections and the tolerances in the substrate dielectric 
properties.  
The decoupling structure between the two antennas results in a good isolation in both 
simulation and measurements. The S21 curves shown in Figure 4.12 depict that the 
isolation between the MIMO antennas is better than 15 dB over all the frequency 
bands. A further analysis of the decoupling structure will be included in a later 
section. 
 
(b)    Radiation Patterns: 
The simulated 3D radiation patterns of the quad-band MIMO multi-branch monopole 
antennas are obtained by simulating the model in CST® Microwave studio. Figure 
4.13 shows the 3D radiation patterns at different frequencies. 
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monopole antennas
 
For the measurement of the radiation patterns, the antennas were placed inside the 
anechoic chamber at QMUL. The co
of the radiation pattern
frequencies of the MIMO antennas. Figure 4.14 presents the polar plots comparing 
simulated co
in both x-z and y
have been performed while match terminating the other port with a 50
because the two antennas are identical. The simulated and measured radiation patterns 
strongly agree with only minor discr
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 Figure 4.14: Polar plots of the normalized radiation patterns 
multi-branch monopole antennas. 
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(c)    Gains of the quad-band MIMO multi-branch monopole antennas: 
The simulated gains of the multi-branch MIMO antennas were obtained from CST® 
Microwave studio, whereas, the measured gains were evaluated by the gain 
comparison method using a standard gain antenna (SGA) and the antenna under test 
(AUT) [3]. The gain of the AUT can then be calculated from:  
 
$%&'hiF	(]j&) = $%&'klh	(]j&) + 10,-. <? −−−−−−(4.1) 
 
where, P1 is the power received by the antenna under test and P2 is the power received 
by the standard gain antenna. The simulated and measured gains of the MIMO 
antennas at different frequencies are presented in Table 4.2 and show a good 
agreement. However, a slight variation in the simulated and experimental values of 
the gains exists due to the possible fabrication imperfections. 
 
Table 4.2: Gains of the quad-band MIMO multi-branch monopole antennas 
Frequency Gain (dBi) Simulated Measured 
0.90 GHz 1.80 1.70 
2.10 GHz 3.51 2.10 
3.50 GHz 4.43 3.20 
5.40 GHz 2.79 1.63 
 
 
(d)    Efficiencies of the MIMO antennas: 
The simulated efficiencies of the multi-branch MIMO antennas were extracted from 
the simulations in CST® Microwave studio. The measured efficiency at different 
frequencies is evaluated using the Wheeler Cap method [4] which was initially 
developed by H.A. Wheeler in 1959 who utilized the concept of a radiansphere for the 
measurement of the radiation efficiency. The radiansphere is the boundary between 
the near field and the far field. The wheeler cap method was performed by taking two 
measurements, one with the antenna under test inside the cap, and the other with the 
antenna in free space. In each case the input impedance of the antenna was measured 
and efficiency was calculated by: 
mKK&n&R'no	() = < − ?< −−−−−−−−−−−−− (4.2) 
 
 where, R1 is the real part of the input impedance without the cap and 
of the input impedance of the anten
each wall of the cap should be at least 
is 30 x 50 cm
Figure 4.15. 
 
The simulated and mea
different frequencies are shown in Table 4.3. The efficiency of only one antenna is 
calculated as both the antennas are identical. The simulated and experimental results 
show a reasonable agreement wi
imperfections and the measurement setup.
Figure 4.15
of antenna efficiency
 
Table 4.3: 
Frequency
0.90 GHz
2.10 GHz
3.50 GHz
5.40 GHz
 
 
 
 
2
. A photograph of the measurement setup made at QMUL is shown in 
 
: A photograph of the Wheeler Cap measurement setup for the evaluation 
. 
Efficiencies of the quad
 
 
 
 
 
sured efficiencies of the multi
th some discrepancies mainly due to the fabrication 
na inside the cap. The distance of the antenna from 
λ/2π. The size of the cap used in the experiment 
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(e)    Diversity Analysis: 
 
MIMO improves channel capacity due to the presence of more than one transmission 
path [5]. Ideally the capacity of a MIMO system increases linearly as the number of 
antenna elements increases. However, in practical environments it is degraded by the 
presence of possible coupling between the multiple antennas and also by the nature of 
the propagation environment [6]-[8]. In order to analyze the diversity performance of 
the MIMO antennas, the envelope correlation coefficients and the diversity gains were 
calculated. 
 
Envelope Correlation Coefficient – In MIMO, the parameter which shows the effect 
of different paths through which waves reach the multiple antennas is the Envelope 
Correlation Coefficient that is symbolically represented as ‘e’. The value of e varies 
between ‘0’ and ‘1’ with a perfect performance at e = 0.  
 
There are two different ways to evaluate the correlation between MIMO antennas. 
One way is to evaluate e using the far-field radiation patterns [8], [11]. This method 
is accurate but it involves complex calculations and is very time consuming [9]-[10]. 
The equation for the calculation of the envelope correlation coefficient using the far-
field radiation pattern is: 
 
 = p∬ rs<tttu(v, w) • s?tttu
∗(v, w)	y ]z{S p?∬ fs<tttu(v, w)f{S ?]z	∬ fs?tttu(v, w)f{S ?]z − − − − −−− (4.3) 
 
where Fi(θ,φ)  is the far-field radiation pattern with only port 1 excited while match 
terminating all the other ports with a 50Ω load. The ‘•’ operator in the equation is the 
Hermitian Product. 
A comparatively simpler method for the evaluation of correlation coefficient is by 
using the S-parameters of the MIMO antennas. The equation by which e is evaluated 
using the S-parameters is given as [8]: 
 
 = |0∗<<0<? + 0∗?<0??|?(1 − |0<<|? − |0?<|?)(1 − |0??|? − |0<?|?) − − − − − (4.4) 
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The ‘*’ operator in the equation (4.4) represents the complex conjugate. It can be seen 
that (4.4) is much simpler compared to (4.3) and it involves less calculation. Also, 
(4.4) provides sufficiently accurate results especially when dealing with rich 
multipath indoor environments.  
 
The calculated envelope correlation coefficients are shown in Table 4.4. The values 
are calculated using both the radiation patterns and the S-parameters in order to check 
the reliability of the S-parameters method. The peak value of the measurement based 
envelope correlation coefficient over all the frequency bands is observed to be 0.0184, 
which is well below the acceptable value of 0.7 [12]-[13]. 
 
Table 4.4: e values of the quad-band MIMO multi-branch monopole antennas. 
Band 
Peak Envelope Correlation Coefficient (e) 
Using Radiation Pattern Using S-parameter 
Simulated Simulated Measured 
I 0.0186 0.0206 0.0184 
II 0.0253 0.0092 0.0008 
III 0.0005 0.0003 0.0003 
IV 0.0012 0.0006 0.0001 
 
Diversity Gain – MIMO utilizes several diversity techniques. The main concept 
behind the diversity is that each receiver antenna is able to receive multiple replicas of 
the transmitted signal. Each replica is received through a different path within the 
same frequency channel. So a combined received signal will have a higher signal to 
noise ratio (SNR) as compared to that of the individual received signal. This 
improvement in the SNR is known as the diversity gain. Diversity gain largely 
depends on the coupling between MIMO antennas. A better decoupling results in a 
good diversity gain and vice versa. The diversity gain of two antennas in MIMO 
should be 10 dB or better and three antennas should be at least 15 dB to give 
transmission reliability of 99% [14]. To obtain a considerably good or near to ideal 
value of diversity gain, the correlation between antennas should be very low and 
ideally zero. According to the research work done by Saunders, the maximum 
permissible value of correlation should be less than 0.7 so that there is no more than 3 
dB loss in the diversity gain [12]-[14].  
 
 An approximation of the diversity gain can be obtained by using the envelope 
correlation coefficient as: 
 
 
where, GDIV (app)
maximum theoretical value (
(DF). The theoretical values of the diversity gains can be obtained from the plots 
shown in Figure 4.16 which are based on the equations mentioned in [12] and [14]. 
The term P
ratio (γ) to fall below the given threshold (
by the Pr value of 0.01.
 
Figure 4.16
evaluation of 
 
The degradation factor (DF) can be calculated from the envelop correlation 
coefficient (ρ
 
 
The effective value of the diversity gain can be obtained by considering the radiation 
efficiency (η
 
is the apparent value of the diversity gain obtained by 
}	(γ  γ) 
: Cumulative distribution function of Rayleigh fading signals for the 
the theoretical values of diversity gain.
e) by the following equation:
r) of the antenna and can be expressed as [15]:
 
$	(!!
GDIV (Max)
represents the probability of the instantaneous signal to noise 
 
(s = N1
$	(XX)
) = $	(D
) of diversity gain by the degradation factor 
γ
 
−  −−
= $	(!!
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CST® Microwave Studio provides a post processing toolbox for the calculation of the 
diversity gains. The values of the envelope correlation coefficients and the diversity 
gains are calculated in both indoor and outdoor environments by simulating the 
statistical models summarized in [14], [16]-[17]. The simulation parameters used in 
calculating the envelope correlation coefficients and the diversity gains are shown in 
Table 4.5, where ‘mv’ is the mean elevation angle of the vertically polarized wave, 
‘mh’ is the mean elevation angle of the horizontally polarized wave, ‘σv’ is the 
standard deviation of the vertically polarized wave distribution, ‘σh’ is the standard 
deviation of the horizontally polarized wave distribution and ‘XPR’ is the cross 
polarization ratio between average vertical and horizontal powers.  
 
Table 4.5: Simulation parameters for  
calculation of the Envelope correlation coefficients and the Diversity gains [14]. 
Propagation 
environment 
Simulation  
parameter 
Statistical model (Elevation/Azimuth) 
Gaussian/Uniform  Laplacian/Uniform 
Indoor 
 10 10  10 10  15 15  15 15 
XPR 5 dB 5 dB 
Outdoor 
 20 20  20 20  30 30  30 30 
XPR 1 dB 1 dB 
 
 
The diversity gains mentioned in Table 4.6 are promising and represent a good 
diversity performance of the MIMO antennas. The values obtained for the quad-band 
MIMO multi-branch monopole antennas are less than 10 dB. This reduction in the 
diversity gain is mainly due to less radiation efficiency. The lowest value obtained for 
the diversity gain is 7.09 dB at 5.40 GHz at which the multi-branch MIMO antennas 
have lower efficiency as compared to the other frequencies. 
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Table 4.6: Diversity gains of the quad-band MIMO multi-branch monopole antennas. 
Freq. 
(GHz) 
Envelope 
Correlation Coefficient Efficiency 
Effective 
Diversity Gain (dB) 
Indoor 
Environment 
Outdoor 
Environment  Indoor Environment Outdoor Environment     
0.90 0.0055 0.997 0.0022 0.998 0.86 8.57 8.58 
2.10 0.0022 0.999 0.0001 0.999 0.88 8.79 8.79 
3.50 0.0004 0.999 0.0014 0.999 0.83 8.29 8.29 
5.40 0.0018 0.999 0.0001 0.999 0.71 7.09 7.09 
 
4.2    Wideband MIMO meandered monopole antennas 
In this section, a new design of MIMO antennas for mobile handsets is introduced. 
The proposed antenna is a wideband meandered monopole with a small volume and is 
designed and optimized through simulations in CST® Microwave Studio. The antenna 
is modeled and simulated in both single antenna and MIMO configurations. 
Simulation and measurement results are also analyzed. 
4.2.1    Single meandered monopole antenna design: 
Figure 4.17 shows the simulated model of the multiband antenna for mobile handsets 
in single antenna configuration. The volume of the substrate board is 65 x 110 x 0.8 
mm
3
 with each antenna printed on a no-ground portion of 65 x 15 mm2. The antenna 
occupies an area of 24 x 14.5 mm2. The width of the copper strip is optimized through 
simulation. The feeding mechanism used is coupled feed with a coupling gap of 1.23 
mm. The width of the feed line and the coupling gap have been selected through 
computer simulations to achieve an optimum impedance bandwidth. The antenna is 
thus a coupled feed monopole in meandered form and printed on the no-ground 
portion at the top layer of an FR-4 substrate with relative permittivity of 4.35 and a 
loss tangent of 0.02.  
  
 
Figure 4.17: Simulated model of
Top layer. (b): Dimensions of the antenna. (c): Bottom layer.
 
 
 
 
 the wideband meandered monopole antenna. (a): 
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 4.2.2    Working mechanism:
The simulated surface current distributions of the meandered monopole antenna, at 
2.05 GHz and 2.45 GHz, are shown 
current distributions that different portions of the meandered monopole strip are 
radiating at different frequencies. The total length of the monopole strip is ‘A
The surface current distributions of 
of the antenna is radiating relative to the frequency. It can be seen that at 2.05 GHz 
the strip length ‘B
mm which is nearly 0.25
GHz are partially ‘A
which is nearly 0.25
Figure 4.18: Surface current distributions of the wideband meandered monopole 
antenna at different frequencies.
 
 
4.2.3    Simulation Results:
 
The simulated S
antenna resonates with a frequency bandwidth of 1.725 
to a return loss of 6 dB. The ante
1800/1900, 3G HSDPA 1700/1900/2100, 4G LTE Bands 1
MHz) and WLAN 802.11 a/b/g/n 2.45 GHz.
-C-D’ is radiating. The combined length of the strip ‘B
-
λ at 2.45 GHz.
11 of the antenna is presented in Figure 4.19 which shows that the 
 
λ at 2.05 GHz. Likewise, the strips lengths radiating at 2.45 
B’ and ‘B-
 
 
in Figure 4.18.
the antenna tell the information about which part 
C’. The combined length thus obtained is 30 mm 
 
nna is thus capable of covering the 2G GSM 
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Figure 4.19: Simulated s-parameter of the handset antenna in single antenna 
configuration. 
 
 
The antenna possesses a good return loss and covers most of the cellular frequency 
bands. The geometry of the single antenna configuration and its results make the 
design suitable for compact mobile handsets. The antenna was also modeled in 
MIMO configuration and an analysis of the simulation and measurement results is 
given. 
 
4.2.4    MIMO meandered monopole antennas design: 
The simulated model of the wideband meandered monopole antenna for mobile 
handsets in MIMO configuration is presented in Figure 4.20. The dimensions of the 
antennas are exactly the same as for the single antenna configuration discussed 
earlier. The top layer of the substrate is composed of two copies of the meandered 
monopole antenna arranged diagonally in mirrored configuration. The bottom layer is 
composed of a dual decoupling structure including inverted-L shaped ground 
branches that extend into the no-ground portion of the substrate. The width of each 
inverted-L branch is 2 mm. Two slots of length 20.5 mm and width 2 mm are also cut 
in the ground plane for achieving better decoupling. For further isolation 
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 improvement, the decoupling structures were also placed diagonally on the bottom 
layer of the substrate.
Figure 4.20: Simulated model of the wideband meandered MIMO monopole 
The simulated model of the 
FR-4 substrate with 
in Figure 4.21
Agilent® Technologies 2
QMUL. The radiation pattern, 
anechoic chamber set up at 
Figure 4.21: Fabricated Prototype of the wideband mea
antennas. 
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 4.2.5    Effect of decoupling s
Different configurations regarding the placement of the MIMO antennas and the 
arrangement of 
configurations represent the
structure for achieving an acceptab
for each configuration is shown in 
significant impact on S
the MIMO 
diagonally on the top 
the bottom 
between the MIMO 
Figure 4.22: Different configurations of the wideband MIMO meandered monopole 
antennas and the decoupling structure.
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antennas 
layer of the substrate. All 
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11. Howeve
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Figure 4.23: Effect of the decoupling structure on the isolation performance of the 
wideband MIMO meandered monopole antennas. 
 
4.2.6    Simulation and measurement results: 
(a)    S – Parameters: 
The simulated and measured S-parameters of the MIMO meandered monopole 
antennas are shown in Figure 4.24. 
 
 
Figure 4.24: S-parameters of the wideband MIMO meandered monopole antennas for 
mobile handsets.  
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The simulated S-parameters of the MIMO antennas show a good agreement with 
measurement. It can be seen that the antenna is resonating with a bandwidth of 1.7-3.2 
GHz when referenced to a return loss of 6 dB. The results of the MIMO antennas are 
nearly same as those of the single antenna configuration. The isolation between the 
antennas as shown in Figure 4.24 is better than 15 dB which means that the two 
antennas are radiating independently with acceptably low interference to each other.  
Each antenna is thus capable of covering the 2G GSM 1800/1900, 3G HSDPA 
1700/1900/2100, 4G LTE Bands 1-4, 7, 25, 30 (1710 – 2690 MHz) and WLAN 
802.11 a/b/g/n 2.45 GHz. 
(b)    Radiation patterns: 
The simulated antenna radiation patterns are obtained from CST® Microwave studio, 
whereas, the radiation patterns were measured in the anechoic chamber at QMUL. 
The co-polar (phi) and cross-polar (theta) components of the radiation pattern were 
plotted in both x-z and y-z planes at four different frequencies. Figure 4.25 presents 
the polar plots comparing simulated radiation patterns with the measured ones. 
(c)    Current distributions: 
The current distribution of the MIMO antennas presented in Figure 4.26 shows that 
very small amplitude of current is propagating in the ground plane which makes it 
unlikely to change the radiation properties of the antennas. Also when the antennas 
will be deployed in a mobile housing with electronic components on board, the 
operating characteristics such as return loss and bandwidth are anticipated to be 
unaffected. The decoupling technique used in the design includes the extended ground 
branches which trap a large amount of current thereby restricting the current from one 
antenna to the other. Also the ground slots further improve the isolation at all the 
frequencies covered by the antennas.  
 
 
 Figure 4.25: Radiation patterns of the wideband MIMO meandered monopole antennas
different frequencies. 
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 at 
 Figure 4.26: Simulated surface current distributions of the wideband MIMO meandered 
monopole antennas at different frequencies. (Scale: 
Intermediate current;
 
(d)    Antenna Gain and 
The simulated and measured gains
meandered monopole 
show a good agreement. 
 Blue: Least current
Radiation Efficiency
antennas at diff
The measured gain is calculated by the Gain Comparison 
) 
 and efficiencies
erent frequencies are shown in T
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method [3] and the measured efficiency is evaluated using the Wheeler Cap method 
[4]. The radiation efficiency depends on the return loss of the antenna. As the return 
loss gets worse the radiation efficiency gets lower.  
(e)    Diversity gains and Envelope correlation coefficients: 
In order to analyze the diversity performance of the MIMO antennas, the envelope 
correlation coefficients ‘ρe’ and the diversity gains were calculated. The calculated 
values of the envelope correlation coefficients are shown in Table 4.7. The values of 
the envelope correlation coefficients are calculated using the S-parameter formula 
discussed earlier in this chapter. The peak value of the envelope correlation 
coefficient over the whole frequency bandwidth is 0.015, which is well below the 
acceptable value of 0.7 [12]-[13].  
 
Table 4.7: Gains, efficiencies and Envelope  
correlation coefficients of the wideband MIMO meandered monopole antennas. 
Freq. 
(GHz) 
Gain (dBi) Efficiency (%age) Bandwidth 
(MHz) 
ρe 
Simulated Measured Simulated Measured Simulated Measured 
1.90 1.21 1.07 93.9 89.1 1.70 – 1.90 0.015 0.011 
2.10 1.99 1.53 92.7 86.2 1.90 – 2.20 0.001 0.001 
2.45 2.96 2.73 91.3 82.9 
2.40 – 2.70 0.001 0.003 2.60 3.82 4.12 92.6 83.6 
 
 
An approximation of the diversity gain can be obtained by using the envelope 
correlation coefficient. The values of the envelope correlation coefficients and the 
diversity gains were calculated in both indoor and outdoor environments by 
simulating the statistical models summarized in [14], [16]-[17]. The diversity gains of 
the wideband MIMO meandered monopole antennas are mentioned in Table 4.8. The 
lowest value obtained for the diversity gain is 9.08 dB which is 0.92 dB lower than 10 
dB. The antennas thus possess an excellent diversity performance due to a better 
efficiency than the quad-band MIMO multi-branch monopole antennas.   
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Table 4.8: Diversity gains of the wideband MIMO meandered monopole antennas. 
Freq. 
(GHz) 
Envelope 
Correlation Coefficient Efficiency 
Effective 
Diversity Gain (dB) 
Indoor 
Environment 
Outdoor 
Environment  Indoor Environment Outdoor Environment     
1.90 0.0510 0.974 0.0161 0.992 0.939 9.15 9.31 
2.10 0.0390 0.980 0.0139 0.993 0.927 9.08 9.21 
2.45 0.0020 0.999 0.0016 0.999 0.913 9.12 9.12 
2.60 0.0004 1.000 0.0001 1.000 0.926 9.26 9.26 
 
 
4.3    Multiband MIMO meandered loop antennas: 
In this section two meandered loop antennas capable of multiband cellular coverage 
will be presented in MIMO configuration. Details of the design and the results will be 
discussed. 
4.3.1    Antenna design: 
The simulated model of the multiband MIMO meandered loop antennas is shown in 
Figure 4.27. The proposed design is composed of two direct fed MIMO antennas that 
are meandered to form a loop structure. The end of the loop has been placed at a 
coupling gap of 0.2 mm that has been selected after simulations in CST® Microwave 
Studio to achieve a resonance at lower frequency band.  The antennas are placed on 
the top and bottom edges of the substrate. The material used for the substrate is FR-4 
with relative permittivity of 4.35 and loss tangent of 0.02. The volume of the substrate 
board is 70 x 107.5 x 0.8 mm3 with each antenna occupying an area of 50 x 10 mm2. 
The antennas are placed at a gap of 2.5 mm from the top and bottom edges of the 
substrate to achieve better return loss and good isolation between the MIMO 
antennas. However, being closely spaced the meandered loop antennas do not show 
an acceptable isolation due to which a decoupling structure is designed consisting of 
two ground slots that are etched in mirrored symmetry. The lengths and widths of the 
slots have been selected from a repetitive parametric analysis to achieve an optimum 
radiation performance of the MIMO antennas. This leads to an isolation better than 12 
dB between the MIMO antennas while achieving multiband operation with a good 
return loss performance. A prototype of the design was also fabricated and shown in 
 Figure 4.28. The a
from a 0.1 mm thick copper sheet using a sharp cutter. It is anticipated that there will 
be certain discrepancies due to the fabrication imperfections and the uncertainties in 
the material prop
Figure 4.27: Simulated model of the 
ntenna was fabricated manually by cutting the designed pattern 
erties. 
multiband MIMO 
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 Figure 4.28
mobile handsets.
 
4.3.2    Working mechanism:
Each antenna in the MIMO is folded to
from the simulated surface current distributions shown in Figure 4.29. For example, at 
0.75 GHz the strip length contributing to the radiation is ‘a
loop type structure.  This loop stru
0.2 mm. This gap of 0.2 mm has been extracted through optimization in CST
Microwave Studio for achieving a resonance at the lower frequency band. Changing 
this gap will lead to a different current distribut
resonance. The combined length of the microstrip radiating at 0.75 GHz is 108 mm 
which is nearly 0.25
contributing to the radiation is ‘m
mm which is nearly 0.5
contributing to the radiation is ‘m
also contribute to the radiation thus improving the bandwidth
n’ radiating at 2.6 GHz is 28 mm which is nearly 0.25
GHz the strip length of the antenna contributing to the radiation is mainly ‘a
: Fabricated prototype
 
λ
λ
 of the 
 
 at 0.75 GHz. At 2.05 GHz the strip length of the antenna 
 at 2.05 GHz. At 2.6 GHz the strip length of the antenna 
multiband 
 form a loop structure. This can be validated 
cture is largely dependent on the Gap_1 which is 
-n-d-e-f’. The combined len
-n’. However, small portions of strips ‘c
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-f’ is 80 
-f’ 
-
-c’. The 
 combined length thus calculated is 22 mm which is nearly
decoupling between the antennas is achieved by introducing horizontal ground slots at 
the bottom layer of the substrate. The length and width of the ground slots have been 
chosen from a parametric study in the computer simulations. 
with this simple decoupling structure is better than 12 dB. Also, the structure of the 
meandered loop antennas and their placement above the edges of the substrate 
improves the isolation.
Figure 4.29: Surface current distributions of the 
at different frequencies. (Scale: 
Least current
 
) 
   
Red: Maximum current
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4.3.3    Parametric Study: 
(a)    Parametric analysis on the antenna design: 
A parametric analysis was performed on the design of the multiband MIMO 
meandered loop antennas. The parameters which have been studied in this parametric 
analysis are the length ‘L’, length ‘b’ and the position of the inverted L branch ‘a’ as 
shown in Figure 4.27. The effect of altering these dimensions imposes a minute 
change in the isolation parameter (S21), whereas, S11 is largely affected by changing 
these lengths. The effect of changing the length ‘L’ on S11 is shown in Figure 4.30, 
whereas, the effects of changing the parameters ‘b’ and ‘a’ on S11 are shown in Figure 
4.31 and Figure 4.32 respectively. The parametric analysis was performed by 
changing the lengths in step of 0.1 mm. However, only a few values have been shown 
here for ease of presentation and understanding. 
The length ‘L’ contributes to the radiation at the lower band (680 – 912 MHz). By 
altering this length, the 6 dB bandwidth can be changed to the desired range. All the 
other bands are less affected by changing the length ‘L’. As the value of ‘L’ increases, 
the frequency shifts to lower value as compared to smaller ‘L’ values. Also the return 
loss is affected by changing the length ‘L’. It can be seen from Figure 4.30 that L = 50 
mm gives the optimum bandwidth and return loss. 
 
Figure 4.30: Effect of change in length ‘L’ on the s-parameter (S11) of the multiband 
MIMO meandered loop antennas. 
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The length ‘b’ contributes to the radiation at 2.05 GHz achieving a bandwidth of 1920 
– 2203 MHz. By changing this length, the 6 dB bandwidth can be shifted to a 
different range. However, as this branch is directly connected to the main branch ‘L’ 
so it affects the overall return loss of the antenna. It can be seen from Figure 4.31 that 
b = 29 mm gives a better bandwidth at 2.05 GHz and a better return loss at the other 
frequencies.  
The inverted L branch that contributes to the radiation at 2.05 GHz is directly 
connected to the main length L which means that the return loss and efficiencies of 
both microstrip lines are largely dependent on each other. The position of the inverted 
L strip has been selected very carefully in order to achieve a good return loss not only 
at 2.05 GHz but also at 0.79 GHz. Also being directly connected to the main branch 
length ‘L’, the inverted L branch directly affects the efficiency of the antenna at the 
lower band which in turn affects the gain of the antenna. It can be seen from Figure 
4.32 that a = 36 mm gives an optimum 6 dB bandwidth at all the frequency bands of 
the proposed loop antennas. The total efficiency at 0.79 GHz for a = 36 mm is 60% 
which is much better than at other values of ‘a’. 
 
Figure 4.31: Effect of change in length ‘b’ on the s-parameter (S11) of the multiband 
MIMO meandered loop antennas. 
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Figure 4.32: Effect of change in parameter ‘a’ on the s-parameter (S11) of the 
multiband MIMO meandered loop antennas. 
 
(b)    Parametric analysis of the decoupling structure: 
A parametric analysis was also performed on the decoupling structure between the 
multiband MIMO meandered loop antennas. The decoupling structure proposed in 
this design is two horizontal slots etched into the ground plane in mirrored symmetry. 
The length ‘SL’ and the width ‘SW’ of the slot largely affect the isolation performance 
of the MIMO antennas whereas, the effect on 6 dB bandwidths is minor. The effect of 
changing the length of the ground slots on the return loss and isolation is shown in 
Figure 4.33, whereas, the effect by changing the width of the slots is shown in Figure 
4.34.  It can be seen from the S11 curves that the 6 dB bandwidths of the antennas stay 
nearly the same by changing the length of the slot. However, the width of the slot 
changes the return loss but the 6 dB bandwidths almost stay the same. It can be seen 
from the S21 curves that the isolation between the antennas is different for each value 
of the slot length and the slot width. These parameters were therefore extracted from 
the simulation analysis to achieve optimum values of the return loss and the isolation. 
The parameter values, SL = 31 mm and SW = 2 mm, provide the best combination of 
return loss and isolation. 
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(a) 
 
(b) 
Figure 4.33: Effect of change in length ‘SL’ on the S-parameters of the multiband 
MIMO meandered loop antennas. (a): Effect on S11. (b): Effect on S21. 
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(a) 
 
(b) 
Figure 4.34: Effect of change in width ‘Sw’ on the S-parameters of the multiband 
MIMO meandered loop antennas. (a): Effect on S11. (b): Effect on S21. 
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4.3.4    Results and discussions: 
 
The antennas were simulated in CST® Microwave Studio and the simulation results of 
the S-parameters and radiation patterns were extracted. Whereas, testing of the 
antennas was performed in the antenna laboratory at QMUL. The simulation and the 
measurement results were then post processed in Matlab® for ease of analysis and 
comparison. 
(a)    S-parameters: 
The simulated and measured S-parameters of the multiband MIMO meandered loop 
antennas are shown in Figure 4.35. Only one antenna is considered as the two 
antennas are identical. 
 
Figure 4.35: S-parameters of the multiband MIMO meandered loop antennas for 
mobile handsets. 
Each antenna of the MIMO pair is resonating in three frequency bands ranging from 
680 – 912 MHz, 1920 – 2203 MHz and 2380 – 3603 MHz when referenced to a return 
loss of 6 dB. The antennas are thus capable of covering the 2G GSM 850/1900, 3G 
HSDPA 800/850/2100, 4G LTE bands 1-2, 7, 30 (1920 – 2690 MHz), LTE bands 5, 
12-13, 17-20, 26, 28 (680 – 912 MHz), WLAN 802.11 a/b/g/n 2.45 GHz and WLAN 
802.11h (3400 – 3600 MHz). The isolation achieved between the antennas is better 
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 than 12 dB in the lower band and better than 15 dB in the upper frequency bands. The 
simulated and measured S
shift of frequency has been observed due to
process. The return loss and isolation performance of the antennas makes the design 
suitable to be implemented in modern handsets.
(b)    Radiation p
The simulated 3D 
antennas are shown in Figure 4.36. 
Figure 4.36
antennas for m
 
The radiation patterns were measured in the anechoic chamber in the 
laboratory at QMUL. The radiation patterns of only one antenna are plotted as the two 
antennas of the MIMO configuration are identical. The simulation and the 
measurement data files were post processed in Matlab
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: Simulated 3D radiation patterns
obile handsets.
-parameters agree well with some discrepancies. A minor 
s: 
 
s of the multiband MIMO meandered loop 
 
Chapter 4: MIMO antennas for Mobile handsets
 the imperfections in the fabrication 
 
 of the multiband 
®
MIMO 
 for ease of comparison. The 
meandered loop 
 
108 
 
antenna 
 normalized co
are plotted in both x
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Figure 4.37
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 Figure 4.38
at 2.60 GHz and 3.25 GHz.
 
(c)    Antennas gain and
The gains 
different frequencies are shown in 
have been extracted from the simulations in 
gain was calculated using the gain comparison method [3], whereas, the efficiency 
was measured using the Wheeler Cap method [4]
one antenna are tabulated as the two antennas are identical. 
: 2D Radiation patterns of the 
and efficiencies
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Table 4.9
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(d)    Envelope correlation coefficients: 
In order to analyze the diversity performance of the MIMO antennas, the envelope 
correlation coefficient ‘ρe’ is calculated at different frequencies. The values have been 
calculated by using the S-parameters method and shown in Table 4.9. The peak values 
are well below the acceptable value of 0.7 [12]-[13].  
 
Table 4.9: Gains, efficiencies and envelope  
correlation coefficients of the multiband MIMO meandered loop antennas. 
Freq. 
(GHz) 
Gain (dBi) Total Efficiency (% age) Bandwidth 
(MHz) 
Envelope 
Correlation 
Coefficient (ρe) Sim. Mea. Sim. Mea. 
0.79 1.28 0.93 60 53 680 – 912 0.0810 
2.05 3.75 2.73 90 76 1920 – 2203  0.0070 
2.60 4.43 3.52 98 81 2380 – 2700  0.0001 
3.25 3.39 2.92 90 83 3400 – 3603 0.0007 
 
(e)    Diversity gains: 
The diversity gains of the multiband MIMO meandered loop antennas are shown in 
Table 4.10. The values of the diversity gains are calculated in both indoor and outdoor 
environments by simulating the statistical models summarized in [16]-[17] using 
CST® Microwave Studio. The diversity gains mentioned in Table 4.10 are promising 
and represent a good diversity performance of the MIMO antennas. The lowest value 
obtained for the diversity gain is 6.62 dB at 0.79 GHz. This is due to lower radiation 
efficiency and a poorer envelope correlation coefficient at 0.79 GHz as compared to 
the upper frequencies.  
 
Table 4.10: Diversity gains of the multiband MIMO meandered loop antennas. 
Freq. 
(GHz) 
Envelope 
Correlation Coefficient 
Radiation 
Efficiency 
Effective 
Diversity Gain (dB) 
Indoor 
Environment 
Outdoor 
Environment  Indoor Environment Outdoor Environment     
0.79 0.2203 0.883 0.0909 0.953 0.75 6.62 7.15 
2.05 0.1344 0.930 0.0597 0.970 0.91 8.46 8.83 
2.60 0.0002 0.999 0.0004 0.999 0.99 9.89 9.89 
3.25 0.0221 0.883 0.0089 0.996 0.93 8.21 9.26 
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Summary 
 
Three designs of MIMO antennas are presented in this chapter and a comparison of 
the designs is shown in table 4.11. The first design is for compact and multiband 
MIMO antennas based on a multi-branch monopole configuration. The antennas 
cover the 2G GSM 850/900/1800/1900, 3G HSDPA 800/850/900/1700/1900/2100 
and 4G LTE bands 1-5, 8, 19, 25, 30, WLAN 802.11 a/b/g/y/n and WiMAX 3.4 GHz. 
The proposed design consists of two identical printed antennas that are etched on the 
top layer of an FR-4 substrate and a decoupling structure is etched on the bottom 
layer. The decoupling structure consists of slots in the ground plane and the inverted 
L-shaped metallic branches that extend from the ground plane into the non-grounded 
portion. Detailed analyses on the simulation and measurement results have been 
carried out. Both the simulation and the measurements have corroborated a good 
performance of the MIMO antennas. The isolation achieved is better than 15 dB in the 
lower band and better than 20 dB in the upper frequency bandwidths, leading to the 
envelope correlation coefficient of less than 0.0184.  
 
The second design is of compact MIMO antennas based on meandered monopole 
configuration. The antennas are capable of covering 2G GSM 1800/1900, 3G HSDPA 
1700/1900/2100, 4G LTE Bands 1-4, 7, 25, 30 (1710 – 2690 MHz) and WLAN 
802.11 a/b/g/n. The design presented in this work is composed of two diagonally 
printed monopole antennas and a dual decoupling structure. The simulation and the 
measurement results agree thus validating a good performance of the MIMO 
antennas. The isolation achieved is better than 15 dB leading to the envelope 
correlation coefficient of less than 0.015.  
The third design is composed of two symmetrically positioned loop antennas placed at 
the top and bottom edges of the FR-4 substrate. The antennas are microstrip antennas 
meandered to form a loop structure. For the improvement of isolation, two slots are 
etched at the bottom layer of the substrate. The isolation thus achieved is better than 
12 dB leading to a good diversity performance of the MIMO antennas. Each antenna 
is capable of covering 2G GSM 850/1900, 3G HSDPA 800/850/2100, 4G LTE bands 
1-2, 5, 7, 12-13, 17-20, 26, 28, 30 and WLAN 802.11 a/b/g/h/n 2.45 GHz and WLAN 
802.11h (3400 – 3600 MHz). The s-parameters and the radiation results have 
presented a good performance of the MIMO antennas. The antenna designs presented 
 in this chapter are compact and can be implemented in next generation
handsets.  
 
Table 4.11
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CHAPTER 5 
MIMO ANTENNAS FOR MOBILE TABLETS 
 
This chapter presents MIMO antennas for tablet applications. The antennas are 
designed and optimized through simulations in CST® Microwave Studio [1] and are 
modeled in single antenna and MIMO configurations. This chapter will include 
simulation and measurement results along with the simulation analysis of the 
proposed MIMO antennas. 
5.1    MIMO antennas for 2G/3G mobile tablets: 
This section presents the design and results of MIMO antennas for tablet applications. 
The antennas are modeled in four element MIMO configuration and cover the 2G and 
3G cellular frequency bands.  
5.1.1    Design and modelling of single antenna configuration: 
The simulation model of a multiband antenna for mobile tablets is presented in Figure 
5.1. The design is given in single antenna configuration and is composed of a coupled 
fed monopole in meandered form etched on the top layer of the substrate. The 
substrate used is FR-4 with relative permittivity of 4.4 and loss tangent of 0.02. 
The volume of the substrate is 230 x 176 x 0.8 mm3 with each antenna printed on the 
no-ground area which is 230 x 15 mm2. The antenna occupies an area of 75 x 11 mm2 
and the width of the copper strip is selected through optimization in CST® Microwave 
Studio. The feeding mechanism used in the design is coupled feed with a coupling 
gap of 1.23 mm. The width of the feed line and the coupling gap have been selected 
through computer simulations to achieve an optimum impedance bandwidth. The  
 proposed antenna is then simulated and tested for a comparison bet
and measurement 
Figure 5.1: Simulated model of the antenna 
configuration. (a): Top layer. (b): Dimensions of the antenna. (c): Bottom layer.
 
5.1.2    Working mechanism:
The simulated 
configuration 
that is meandered for 
distributions that different sections of the antenna are radiating at different 
frequencies. The whole length of the mon
the diagram. The radiating length of the antenna at a particular frequency can be 
obtained by calculating the length of the red section in the current distribution.
 
results.  
surface 
are shown in 
 
 
current distributions 
Figure
a compact volume. 
 5.2. The antenna is composed of 
opole strip is mentioned as ‘A
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current) 
 
At 935 MHz, the strip length ‘C
of 850-1007 MHz. The combined length of ‘C
935 MHz. Likewise, at 1.83 GHz, the strip lengths contributing to the radiation are 
‘B-C’ and partially ‘C
length thus calculated is 41 mm which is almost 0.25
two sections of strip length ‘B
mm which is nearly 0.25
lengths contributing to the radiation are ‘B
having a length of length of 18 mm which is nearly 0.25
5.1.3    Simulation Results:
The simulated 
that the antenna is 
return loss of 6
900/1700/1800/1900
frequency information of each cellular service is mentioned in appendix I.
: Surface current distributions 
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 dB. 
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Figure 5.3: Simulated return loss (S11) of the antenna for 2G/3G mobile tablets in 
single antenna configuration. 
 
The antenna possesses good return loss and covers most of the 2G and 3G cellular 
frequency bands. The antenna was also modeled in a 4 x 4 MIMO configuration and 
an analysis of the simulation and measurement results is provided. 
5.1.4    Design and modelling of tablet antenna in 4x4 MIMO configuration: 
Figure 5.4 shows the drawing of the multiband antenna for mobile tablets in 4x4 
MIMO configuration. The dimensions of the MIMO antennas are exactly the same as 
used for the single antenna configuration discussed in section 5.1.1.  
The top layer of the substrate is composed of four copies of the monopole antenna 
printed in mirror configuration at each corner of the substrate. The bottom layer is 
composed of the dual decoupling structure for reducing the coupling between the 
MIMO antennas. The decoupling structure consists of two metallic strips of length 54 
mm and width 2.5 mm that are placed at a coupling gap of 0.27 mm from the ground 
plane. These metallic branches provide a coupling path for the current, thus limiting 
its flow from one antenna to the other antennas. For further improvement of isolation 
between the MIMO antennas, two horizontal and six vertical slots have been etched 
into the ground plane to make the isolation between each antenna pair better than 15 
dB.   
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 Figure 5.4: Simulated model of the 4x4 MIMO antennas for 2G/3G mobile tablets. 
(Units: mm). (a): Front View. (b): Back View.
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 Figure 5.5: Fabricated prototype of the 4x
 
5.1.5    Study of the decoupling structure between 4x4 MIMO antennas:
Different configurations regarding the decoupling structure at the bottom layer of the 
substrate are shown in Figure 5.6. These configurations 
approach for achieving an acceptable isolation between the MIMO antennas. The 
isolation is best at configuration 6 which is the proposed configuration of the 
decoupling structure. All other configurations lead to a poor isolation bet
MIMO antennas. This can be visualized from the surface current distributions shown 
in Figure 5.8 which are equally
isolation at a lower frequency is more challenging as compared to the upper 
frequencies. It can be seen that the horizontal metallic strips majorly improve the 
isolation by blocking the current from one antenna to reach the other antennas. The 
isolation between antennas is further improved by introducing slots in the ground 
plane. However, without the decoupling strips the isolation is very poor as a large 
amount of current starts flowing between the antennas. So the strips and the slots 
together make the isolation better than 15 dB. The isolation curves for each 
configuration are s
at the configuration 6.
hown in Figure 5.7. It can be seen that the isolation achieved is best 
 
-scaled and plotted at 935 MHz. This is because the 
4 MIMO antennas for 2G/3G mobile tablets.
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 Figure 5.6: Different configurations of the decoupling structure between the 4x4 
MIMO antennas.
 
Figure 5.7: Effect of the decoupling structure on the isolation between 
antennas. 
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MIMO 
 Figure 5.8: Effect of the decoupling structure on the current distribution of the 
antennas. [Frequency: 935 MHz]
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  (b)    Current distributions:
The current distributions of the 4x4 MIMO antennas are presented in Figure 5.10. The 
decoupling technique includes metallic strips that are placed 
the ground plane. These strips couple a large amount of current thereby restricting the 
current from one antenna to reach the other antennas. Also the horizontal and vertical 
slots further improve the isolation at all frequencies. The
propagating in the ground plane is also minor. The radiating lengths of the MIMO 
antennas are nearly the same as those for the single antenna configuration.
 
 
  
(a)
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 Figure 5.10: Simulated surface current distributions of the 4x4 MIMO antennas for 
2G/3G mobile tablets. (a): At 935 MHz. (a): At 1830 MHz. (a): At 2450 MHz. (a): At 
3400 MHz. 
current) 
 
 
(c)    MIMO antennas Gain and
The gains 
shown in T
agreement. 
The measured efficiency was not calculated due to the unavailability of the 
measurement setup. The gains of only one antenna are tabulated as all the antennas 
are symmetric.
correlation coefficients of the 4x4 MIMO antennas for 2G/3G mobile tablets.
Freq. 
(MHz) 
935 
1830 
2450 
3400 
(Scale: Red: Maximum current
and efficiencies
able 5.1. The simulated and measured gains of the antenna show a good 
The measured gain was calculated by the 
 
Table 5.1: Gains, efficiencies and envelope
Gain (dBi)
Sim. 
1.53 
3.61 
2.24 
3.16 
 of the 
 
Meas. 
1.22 
3.33 
1.87 
2.85 
 
(d)
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 Efficiency: 
4x4 MIMO 
 
Efficiency 
(% age)
92.2 
95.3 
78.3 
85.2 
Chapter 5: MIMO antennas for Mobile tablets
 
Green: Intermediate current
 
antenna
Gain Comparison method [2]. 
 
Bandwidths
(MHz)
0896 
1554 
2397 
3240 
s at different frequencies are 
 
 
 
– 0987 
– 2118 
– 2479 
– 3665 
; Blue: Least 
ρe 
Sim. Meas.
0.080 0.004
0.027 0.004
0.009 0.001
0.028 0.005
 
127 
 
 
 
 
 
 
 
Chapter 5: MIMO antennas for Mobile tablets 
128 
 
(d)    Diversity analysis: 
In order to analyze the diversity performance of the MIMO antennas, the envelope 
correlation coefficients ‘ρe’ and the diversity gains were calculated. The envelope 
correlation coefficients are calculated using the S-parameters formula discussed in 
Chapter 4. The peak values have been selected after simulating the MIMO antennas in 
CST Microwave Studio®. It can be seen from Table 5.1 that the peak value of the 
envelope correlation coefficient over all the cellular frequency bands covered by the 
antennas is observed to be 0.08, which is well below the maximum acceptable value 
of 0.7 [3]-[4].  
 
The diversity gains of the 4x4 MIMO antennas in both indoor and outdoor 
environments are calculated using the method discussed in Chapter 4. CST® 
Microwave Studio provides a post processing toolbox for the calculation of the 
diversity gains. The values of the envelope correlation coefficients and the diversity 
gains were calculated in both indoor and outdoor environments by simulating the 
statistical models summarized in [5]-[6]. The diversity gains of the 4x4 MIMO 
antennas are mentioned in Table 5.2. The values obtained are less than 15 dB and this 
reduction in the diversity gain is mainly due to less radiation efficiency. The diversity 
performance of the 4x4 MIMO antennas is better in indoor environment as compared 
to outdoor environment due to a lower cross polarization ratio (XPR). The lowest 
value obtained for the diversity gain is 11.71 dB at 2.45 GHz. The antennas possess 
an acceptable diversity performance and can further be improved. 
  
Table 5.2: Diversity gains of the 4x4 MIMO antennas for 2G/3G mobile tablets. 
Freq. 
(MHz) 
Envelope 
Correlation Coefficient Efficiency 
Effective 
Diversity Gain (dB) 
Indoor 
Environment 
Outdoor 
Environment  Indoor Environment Outdoor Environment     
0935 0.0003 0.9998 0.0006 0.9997 0.922 13.82 13.82 
1830 0.0100 0.9949 0.0081 0.9959 0.953 14.22 14.24 
2450 0.0023 0.9988 0.0049 0.9975 0.783 11.73 11.71 
3400 0.0003 0.9998 0.0027 0.9986 0.852 13.82 12.76 
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5.2    Meandered monopole MIMO antennas for 4G tablets: 
This section presents the design and results of MIMO antennas for 4G mobile tablets. 
Antennas are modeled in MIMO configuration and cover 4G LTE cellular frequency 
bands.  
5.2.1    Design and modelling of the MIMO antennas: 
The top layer of the simulation model is shown in Figure 5.11 and the bottom layer in 
Figure 5.12. The proposed design is composed of two pairs of MIMO antennas in 
meandered monopole configuration. Each pair is designed to cover separate frequency 
bands. The pair covering 4G cellular services is composed of two direct fed monopole 
antennas whereas, the pair covering 2G and 3G cellular services consists of two 
coupled feed monopoles in meandered form. The antennas are printed on the upper 
and lower no-ground areas of the substrate. The material used for the substrate is FR-
4 with relative permittivity of 4.35 and loss tangent of 0.02. The volume of the 
substrate is 230 x 176 x 0.8 mm3 with each pair printed on a no-ground portion of 230 
x 15 mm2. The antenna for 4G cellular coverage occupies an area of 75 x 10 mm2, 
whereas, the antenna for 2G and 3G cellular coverage occupies the area of 75 x 11 
mm2. The antennas are printed in diagonal symmetry to achieve a good isolation 
performance. However, being closely spaced the antennas did not show an acceptable 
isolation and due to this a decoupling structure was etched on the bottom layer of the 
substrate.  
  
Figure 5.11: Top layer of the simulated model of the mean
antennas for 4G mobile tablets. 
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 Figure 5.12: Bottom layer of the simulated model of the meandered monopole MIMO 
antennas for 4G mobile tablets.
 
The model shown in Figure 5.12 presents a dual decoupling structure composed of the 
ground slots and coupled metallic extensions. The coupled metallic extensions are 
placed at a gap of 0.2 mm from the ground plane. This provides a coupling path for 
the current and thus limits the current to flow from one antenna to the other antennas. 
For further improvement in isolation between the MIMO antennas, four slots have 
been etched in pairs into the ground plane. Each pair is composed of two slots 
arranged in mirrored configuration to make the isolation between each antenna pair 
better than 15 dB
proposed design offers more simplicity and covers more cellular frequencies than the 
4x4 MIMO antennas presented earlier in this chapter.
 
. A prototype of the MIMO antennas is shown in Figure 5.13. The 
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mobile tablets
 
5.2.2    Working mechanism
The meandered monopole MIMO antennas presented in this design are printed in 
pairs with one pair primarily designed to cover 2G/3G cellular 
pair for 4G frequency bands. The radiating lengths can be calculated from the 
simulated current distributions shown in Figure 5.14. For example, at 0.75 GHz the 
strip length of the 4G antenna contributing to the radiation is ‘a
length of ‘a
length of the 3G antenna contributing to the radiation is ‘c
thus calculated is 83 mm which is nearly 0.25
antennas is achieved by introducing ground slots and additional coupled branches at 
the bottom layer of the substrate. Being placed at a gap of 0.2 mm, the coupled 
branches draw a large amount of current thereby restricting the current from
antenna to reach the other antennas. This largely improves the isolation achieving a 
good diversity performance.
: Fabricated prototype of the meandered monopole MIMO 
. 
-b-c-d’ is 92 mm which is nearly 0.25
: 
  
λ
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antennas for 4G tablets 
Green: Intermediate current
 
 
5.2.3    Simulation and measurement r
 
The meandered monopole MIMO antennas were simulated in CST
Studio and the simulated S
S-parameter measurements, the antennas were connected to the Agilent
Technologies 2
radiation patt
at QMUL. The simulation and measurement results were then post processed in 
Matlab® for ease of analysis and comparison.
(a)    S-parameters:
The simulated and measured S
antennas are shown in Figure 5.15. The S
are shown as the two antennas in each pair are identical.
: Surface current distributions of the 
-port network analyzer in the antenna laboratory at QMUL. The 
ern and gain measurements were performed inside the anechoic chamber 
 
at different frequencies.
; Blue: Least current
-parameters and radiation patterns were extracted. For the 
esults:
-parameters of th
-parameters of only one antenna in each pair 
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The simulated S-parameters show a good agreement with measurement. Each antenna 
of the 4G pair resonates in two frequency bands ranging from 680 MHz to 865 MHz 
and 2073 MHz to 2557 MHz when referenced to a return loss of 6 dB. The antennas 
are thus capable of covering 4G LTE bands 12-13, 17-18, 20, 28-29 (680 – 865 
MHz), 4G LTE band 30 (2305 – 2360 MHz) and WLAN 802.11n 2.45 GHz (4 x4 
MIMO). Likewise, each antenna of the 3G pair resonates in three frequency bands 
ranging from 830 MHz to 998 MHz, 1503 MHz to 2183 MHz and 2380 MHz to 2550 
MHz. The antennas therefore cover 2G GSM 850/900/1800/1900 and 3G HSDPA 
800/850 /900/1700/1900/2100 cellular frequency bands. In combination, the MIMO 
antennas cover numerous commercial 2G, 3G and 4G cellular frequency bands with a 
measured isolation better than 15 dB over all the frequency bands accommodated by 
the MIMO pairs. The return loss and isolation results corroborate a good performance 
of the MIMO antennas. 
(b)    Radiation patterns: 
The simulated 3D radiation patterns of the meandered monopole MIMO antennas are 
shown in Figure 5.16. The radiation patterns were measured inside the anechoic 
chamber at QMUL. The co-polar (phi) and cross-polar (theta) components of the 
radiation pattern are plotted in both x-z and y-z planes at different frequencies. Figure 
5.17 presents the polar plots comparing simulated radiation patterns with the 
measured ones for the 4G MIMO antennas. Whereas, Figure 5.18 presents the polar 
plots comparing simulated radiation patterns with the measured ones for the 2G/3G 
MIMO antennas. The simulated radiation patterns agree well with the measured ones. 
However, there are some discrepancies which mainly occurred due to the fabrication 
imperfections, substrate tolerances and the measurement setup.  
 
 Figure 5.16
antennas for 
: Simulated 3D 
4G mobile tablets.
Radiation p
 
atterns of the 
Chapter 5: MIMO antennas for Mobile tablets
meandered monopole 
 
136 
 
MIMO 
 Figure 5.17: 2D radiation patterns of the 4G pair of the meandered monopole MIMO 
antennas. 
 
 
(a)
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 Figure 5.18: 2D radiation patterns of the 3G pair of the meandered 
antennas. (a): At 930 MHz. (b): At1860 MHz. (c): At 2450 MHz.
(b)
 
(c)
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 (c)    Antenna Gain and Efficiency:  
The gains and efficiencies of the meandered monopole MIMO antennas for 4G tablets 
are shown in Table 5.3. The simulated and measured gains of the antenna show a 
good agreement. The measured gain is calculated by the Gain Comparison method 
[2]. The measured efficiency is not calculated due to the unavailability of the 
measurement setup. The gains and efficiencies of only one antenna in each pair are 
tabulated as both the antennas are identical.  
 
Table 5.3: Gains and efficiencies of the proposed  
meandered monopole MIMO antennas for 4G mobile tablets. 
Frequency 
(GHz) 
Gain (dBi) Total Efficiency  
(% age) Simulated Measured 
0.75 (4G Antenna) 0.89 0.61 47.8 
0.93 (3G Antenna) 3.12 2.75 86.7 
1.86 (3G Antenna) 5.26 4.32 94.2 
2.45 (3G Antenna) 2.47 1.89 61.1 
 
 
 (d)    Envelope correlation coefficients: 
In order to analyze the diversity performance of the meandered monopole MIMO 
antennas, the envelope correlation coefficients ‘ρe’ were calculated and are shown in 
Figure 5.19. The envelope correlation coefficients were calculated using the S-
parameters formula discussed in Chapter 4. It can be seen from the graph that the peak 
points are well below the maximum acceptable value of 0.7 [3]-[4]. This is due to a 
good isolation between the antennas which enhances the diversity performance.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 5.19
antennas for mobi
 
 
Summary
 
Two designs of multiband antennas, capable of covering 2G, 3G and 4G cellular 
frequencies, for tablet applications were presented in this chapter. A comparison of 
the designs is shown in Table 5.4. A design of 4x4 MIMO antennas for c
and 3G cellular frequencies was presented in the first section whereas, a MIMO 
design for 4G tablets was presented in the second section. The designs were based on 
a meandered monopole configuration. The design for 2G/3G cellular tablets is 
composed of four symmetrically placed coupled feed monopole antennas printed on 
the top layer of the substrate and a decoupling structure is etched at the bottom layer. 
The MIMO design for 4G tablets is composed of four antennas that were printed in 
pairs and placed diagonally in the no
designed to cover different cellular frequencies with one pair covering 4G LTE and 
the other covering 2G and 3G frequency bands. The simulation and measurement 
results have corroborate
achieved in both designs is better than 15 dB in all frequency bandwidths 
: Envelope correlation coefficients of the meandered monopole 
le tablets.
 
 
d a good performance of the MIMO designs. The isolation 
-ground area of the substrate. Each pair was 
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 accommodated by the antennas. The antennas are compact with good cellular 
coverage making them suitable for implementation in 
 
Table 5.4
 
 
 
 
 
 
 
 
 
 
 
 
 
: Comparison of the proposed MIMO antenna designs for mobile tablets
Chapter 5: MIMO antennas for Mobile tablets
cellular tablets and PDAs.
 
141 
  
. 
 
Chapter 5: MIMO antennas for Mobile tablets 
142 
 
References 
 
[1] CST® Microwave Studio, Computer Simulation Technology Homepage [Online]. 
Available: http://www.cst.com, Version, 2013.04, Release, Oct 04, 2013 
[2] Balanis, C. A., "Antenna Theory Analysis and Design", Edition, 3rd, A John 
Wiley & Sons, Inc., Publication, ISBN 0-471-66782-X, 2005. 
[3] S.R. Saunders, “Antennas and propagation for wireless communication systems”, 
Wiley, 1999. 
[4] M. Schwartz, W. R. Bennet and S. Stein, “Communication systems and 
techniques”, McGraw Hill, 1996. 
[5] V. Plicanic, “Antenna Diversity Studies and Evaluation”, Master Thesis, LUND 
University in cooperation with Ericsson Mobile Communications AB, May 2004. 
[6] Z. Ying, “Characterization of multi-channel antenna performance for mobile 
terminal by using near field and far field parameters,” COST 273 TD (04) (095) 
Goteborg, Sweden, June, 2004. 
 143 
 
 
 
 
 
 
 
CHAPTER 6 
PATTERN RECONFIGURABLE MIMO ANTENNAS FOR 
MOBILE HANDSETS 
 
In this chapter a design composed of two MIMO antennas, modelled and optimized 
through simulations in CST Microwave Studio®, is presented [1]. The antennas are 
pattern reconfigurable and cover multiple cellular frequencies with acceptable 
isolation performance. Details of the design and the results will be discussed in later 
sections. 
6.1    Design and modelling of the pattern reconfigurable MIMO 
antennas: 
6.1.1    Antenna design: 
The simulated model of pattern reconfigurable MIMO antennas for mobile handsets is 
presented in Figure 6.1. The proposed design is composed of two MIMO antennas in 
meandered monopole configuration. The antennas are printed on the no-ground areas 
along the longer edges of the substrate. The material used for the substrate is FR-4 
with relative permittivity of 4.35 and loss tangent of 0.02. The volume of the substrate 
board is 120 x 65 x 1.6 mm3. Each antenna is printed on a no-ground part of 120 x 15 
mm2 and occupies an area of 26.5 x 14.5 mm2. The antennas are printed in diagonal 
symmetry to achieve a good isolation performance. The top layer of the substrate is 
composed of two antennas while the ground plane is etched on the bottom layer 
presented as dashed red line in the Figure 6.1. Each antenna of the MIMO                             
configuration is coupled fed monopole in meandered form. The coupling gap and the  
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dimensions of the monopole have been selected through optimization in CST® 
Microwave Studio. The antennas are made pattern reconfigurable by connecting and 
disconnecting a 4.5 x 2 mm2 metallic strip using Infineon BAR 50-02V p-i-n diode 
switches. The p-i-n diode switches exhibit an area of 1 x 0.8 mm2 and are soldered in 
Gap_1. The lumped components model of the diode switch is shown in Figure 6.2. 
The diode has a resistance of 3Ω and inductance of 0.6 nH in the forward biased 
mode, whereas, when reverse biased it has a resistance, capacitance and inductance of 
5000Ω, 0.15pF and 0.6nH respectively. A variable DC power supply is used to bias 
the p-i-n diode with a voltage of 0.95V and a current of 20mA. The metallic strip can 
be connected or disconnected to alter the surface current distributions thereby 
achieving pattern reconfigurability. The biasing wires run through the bottom layer of 
the substrate and are connected to the antennas through via holes. Coilcraft fixed 
value RF inductors are placed in Gap_2 to choke the RF current from flowing into the 
biasing wires. The value of the inductance is 56 nH that was selected through 
optimization in CST Microwave Studio®.  A prototype of the MIMO antennas was 
developed and shown in Figure 6.3.  
 Figure 6.1: 
handsets. 
Figure 6.2: Lumped components representation 
Simulated model of the 
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Figure 6.3: 
mobile handsets.
 
 
6.1.2    Working mechanism
The MIMO antennas proposed in this work are monopoles that are meandered for a 
compact volume. Each antenna is connected to an extended metallic branch printed 
with a gap of 1 mm. The connection between the antenna and the metallic branch can 
be made using
temperature limits which made it not suitable to be soldered in traditional way.  The 
soldering of the p
wires are attac
diode for achieving ‘ON’ and ‘OFF’ states.  When the p
‘ON’ state, a shorting path is established and the strip starts radiating. This can be 
seen from the cu
Fabricated prototype of the pattern reconfigurable MIMO 
 
 the p-i
-i-n diode is thus done using the conductive epoxy. The biasing 
hed to the variable DC power supply to connect or disconnect the p
rrent distribution shown in Figure 6.4. The amount of current through 
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 the metallic strip in the ‘OFF’ state of p
the ‘ON’ state of the p
through the m
which in turn shifts the radiation pattern. The antennas are pattern reconfigurable in 
the bandwidth of 1.9
Figure 6.4: Surface current distributions of the 
at different frequencies.
 
 
6.1.3    Simulation and measurement results:
 
The antennas 
the s-parameters and radiation patterns were extracted. 
parameters, the antenna
analyzer placed in the antenna laboratory 
(QMUL). While the radiation pattern, 
in the anechoic chamber at 
in Figure 6.5. The antenna was simulated and tested in both ‘ON’ and ‘OFF’ states of 
the p-i-n diode. The simulation and measurement results were then post proc
Matlab® for the ease of analysis and comparison.
etallic strip changes the surface current distribution of the antenna 
–2.1 GHz.
were simulated in CST
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-i-n diode. The variation in the amount of current passing 
  
 
s were connected to the Agilent
QMUL. A photograph of the measurement setup is shown 
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QMUL.  
 
(a)    S-parameters:
The simulated and measured 
6.6. The s-
identical. 
A photograph of the measurement setup inside the anechoic chamber at 
 
parameters of only one antenna in are shown as the two antennas are 
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Figure 
 
 Figure 6.6: S
handsets. (a): Return loss. (b): Isolation performance. 
 
The simulated s
measured ones. However, a minor shift in the frequency was observed due to the 
measurement setup and the tolerances in the material properties. Each antenna of the 
MIMO configurat
antennas are thus capable of covering GSM 1800 (1.71
1.99GHz), UMTS (1910
9-10, 15-16, 23, 30 (1.70
for the MIMO antennas are shown in Figure 6.6 (b). The MIMO antennas exhibited a 
measured isolation better than 18 dB in the whole frequency bandwidth. This is due to 
the placement of the antennas in diagonal co
farfield. The diagonal separation between the antennas is 76 mm which is nearly 0.6 
at the resonant frequency of 2.23 GHz. The farfield distance of each MIMO antenna 
can be calculated by using the longest dimension 
length. The vertical length of the antenna is 32.5 mm which gives a farfield distance 
of 15.7 mm. The antennas are thus placed in each other’s farfield and being in 
mirrored configuration the antennas radiate in opposit
configuration makes them highly isolated in polarization thereby enhancing the 
-parameters of the 
-parameters of the MIMO antennas show good agreement with the 
ion resonated in a 6 dB bandwidth of 1.75 
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-2170 MHz), WLAN (2.4
-2.36 GHz) and
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 decoupling performance. This results in a low correlation between the farfields of the 
antennas leading to a better isolation as compared to the 
Simulations have shown that the isolation between the proposed MIMO antennas 
improves by increasing the diagonal spacing.
(b)    Radiation Patterns: 
The simulated 3D radiation patterns 
‘ON’ and ‘OFF’ state
state radiation patterns of the MIMO antennas are different from the radiation patterns 
in the ‘OFF’ state. 
6.4. The magnitude of the current flowing in the upper edge of the ground plane in the 
‘OFF’ is more 
flowing through the metallic strip 
changes in the 
antennas. 
Figure 6.7: 
antennas. 
The measurement of the radiation patterns was performed in both logical states of the 
diode switch while placing the antennas in x
comparing the normalized radiation patterns are shown in figure 6.8 and figure 6.9.  
This can be validated from the current distribution shown in 
than the current in 
flow of current
Simulated 3D r
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 frequencies are shown in Figure 6.7
in the ‘ON’ state. 
increases as the p
generate pattern reconfigurability from the MIMO 
 
-i-n diode is turned ‘ON’. These
 pattern reconfigurable
-z and y
other configurations. 
Also, the amount of current 
-z planes. The polar plots 
. The ‘ON’ 
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The p-i-n diode is biased using a variable DC power supply with current set to 20 mA 
and voltage to 0.95 V. The radiation patterns of only one antenna are shown as the 
two antennas of the MIMO configuration are symmetrical. The simulated and 
measured radiation patterns agree with some discrepancies which occurred mainly 
due to the fabrication limitations and the measurement procedure which involves the 
use of biasing wires, connection cables and RF connectors.  
 
It can be seen that the shape of the radiation pattern in the ‘ON’ state of p-i-n diode is 
different from that in the ‘OFF’ state. The antennas are pattern reconfigurable in the 
bandwidth of 1.9–2.1 GHz. 
 
 
 
 
 
 Figure 6.8: Radiation patterns of the 
plane. 
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 Figure 6.9: Radiation patterns of the pattern reconfigurable MIMO antennas in 
plane. 
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(c)    Gains and Efficiencies 
The simulated and measured gains and efficiencies of the pattern reconfigurable 
MIMO antennas at different frequencies are listed in Tables 6.1 and 6.2 respectively. 
The measured gain is calculated by the gain comparison method using a standard gain 
horn. Whereas, the efficiencies are measured using the Wheeler Cap Method. The 
simulated and measured values of the gains and efficiencies corroborate a good 
performance of the MIMO antennas. It can be seen from Table 6.2 that the value of 
efficiency at 2.24 GHz is higher than the efficiency at 1.80 GHz. This is because the 
return loss at 1.80 GHz is poorer than the return loss at 2.24 GHz. A good return loss 
ensures a better efficiency and vice versa. 
 
Table 6.1: Gains of the pattern reconfigurable MIMO antennas. 
Frequency 
(GHz) 
Gain (dBi) 
‘ON’ State ‘OFF’ State 
Simulated Measured Simulated Measured 
1.80 1.17 0.96 1.60 1.31 
1.90 1.54 1.19 1.47 1.12 
2.24 1.84 1.53 1.76 1.64 
2.45 1.24 0.92 1.12 0.83 
 
 
Table 6.2: Efficiencies of the pattern reconfigurable MIMO antennas. 
Frequency 
(GHz) 
Total Efficiency (% age) 
‘ON’ State ‘OFF’ State 
Simulated Measured Simulated Measured 
1.80 53 46 62 56 
1.90 71 64 63 58 
2.24 81 75 81 73 
2.45 70 63 68 64 
 
(d)    Diversity Gain 
The diversity gains of the pattern reconfigurable MIMO antennas at different 
frequencies were evaluated using statistical models summarized in [5]-[7]. The 
diversity gains were calculated in both indoor and outdoor environments using the 
post processing toolbox in CST® Microwave Studio. The effective values of diversity 
gain mentioned in Tables 6.3 and 6.4 represent a good diversity performance of the 
MIMO antennas. This is because the antennas exhibit a good isolation which reduces 
the correlation coefficient thereby increasing the diversity gain. Also, the average 
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radiation efficiency of the reconfigurable MIMO antennas is more than 85% which 
further improves the diversity performance. The diversity gain of the reconfigurable 
MIMO antennas is better than 8 dB in the ‘ON’ state and 7 dB in the ‘OFF’ state. 
 
Table 6.3: Diversity gains of the reconfigurable MIMO antennas in the ‘ON’ state. 
Freq. 
(GHz) 
Envelope 
Correlation Coefficient 
Radiation 
Efficiency 
Effective 
Diversity Gain (dB) 
Indoor 
Environment 
Outdoor 
Environment  Indoor Environment Outdoor Environment     
1.80 0.047 0.976 0.023 0.988 83 8.10 8.20 
1.90 0.052 0.973 0.025 0.987 89 8.66 8.78 
2.24 0.051 0.974 0.054 0.972 85 8.28 8.26 
2.45 0.013 0.993 0.028 0.986 82 8.14 8.09 
 
 
Table 6.4: Diversity gains of the reconfigurable MIMO antennas in the ‘OFF’ state. 
Freq. 
(GHz) 
Envelope 
Correlation Coefficient 
Radiation 
Efficiency 
Effective 
Diversity Gain (dB) 
Indoor 
Environment 
Outdoor 
Environment  Indoor Environment Outdoor Environment     
1.80 0.262 0.859 0.181 0.905 89 7.65 8.05 
1.90 0.176 0.908 0.135 0.930 88 7.99 8.18 
2.24 0.044 0.978 0.044 0.978 84 8.22 8.61 
2.45 0.013 0.993 0.027 0.986 81 8.04 7.99 
 
 
6.1.4    Parametric Analysis: 
A parametric analysis was performed on the feed gap by changing its value from 0.83 
mm to 1.63 mm and the effect on the s-parameter was observed. Another parametric 
analysis was carried out on the length and width of the extended metallic strip which 
contributes to the reconfigurability of the radiation pattern. The parametric analysis is 
only performed in the ‘ON’ state of the p-i-n diode when the metallic strip contributes 
to the reconfigurability of the radiation pattern. Each parametric analysis will be 
discussed in later subsections. 
(a)    Coupling Gap of the Feed 
A parametric analysis was carried out on the coupling gap of the feed. This gap is 
represented as Gap_3 in the antenna design. It can be seen from the S-parameter 
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curves in figure 6.10 that a gap of 1.23 mm gives a better 6 dB bandwidth and a better 
return loss performance when compared to the other values of the coupling gap.  
 
Figure 6.10:  Effect on the return loss by varying the coupling gap of the 
reconfigurable antenna’s feed. 
  
(b)    Length of extended metallic strip: 
A parametric analysis was also performed on the length of the extended metallic strip 
which contributes to the reconfigurability of the radiation pattern. The length of the 
strip was changed from 0 mm to 4.5 mm. It can be seen from figure 6.11 (a) that the 
effect of change in length on the return loss is almost negligible and the 6 dB 
bandwidth stays nearly the same. The width is kept at the proposed value of 2 mm. 
 
The effect of the variation of length on the radiation pattern is presented in figure 6.11 
(b) which shows that the change of length controls the directivity of antenna. The 
radiation patterns are plotted at 1.90 GHz at which antennas are showing pattern 
reconfigurability. The length of 4.5 mm is selected as it gives a considerable change 
in the directivity without altering the frequency bandwidth. Also, if the length of the 
extended metallic strip is controlled using the diode switches, the radiation pattern 
reconfigurability can be achieved in more than one direction. This can be seen from 
figure 6.11 (b) that the direction of maximum radiation is different at each value of 
length. 
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Gap 3 = 1.63 mm
Gap 3 = 1.43 mm
Gap 3 = 1.23 mm
Gap 3 = 1.03 mm
Gap 3 = 0.83 mm
 (c)    Width of extended metallic strip:
Another analysis was 
to the pattern reconfigurability. The width was changed from 1 mm to 4 mm and it 
can be seen from figure 6.12 that the effect of change in width on the return loss and 
the radiation patterns is
GHz and the length is kept at the proposed value of 4.5 mm.
Figure 6.11:  Effect on the return loss and the radiation pattern by changing the length 
of the extended metallic strip of the 
 
Figure 6.12:  Effect on the (a): return loss and (b): the radiation pattern by changing 
the width of the extended metallic strip of the reconfigurable antenna.
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Summary 
A pair of printed pattern reconfigurable MIMO antennas for mobile handsets was 
presented in this chapter. The antennas are meandered monopoles fed through 
coupling for a compact volume. Each antenna is wideband covering GSM 1800/1900, 
UMTS, WLAN, and several LTE frequency bands. Each antenna is capable of pattern 
reconfigurability in the bandwidth of 1.9-2.1 GHz. The pattern reconfigurability is 
achieved by connecting or disconnecting the extended metallic strip using the p-i-n 
diode switch. The simulation and measurement results show good agreement with 
some discrepancies. The measured decoupling between MIMO antennas is better than 
18 dB for all the cellular frequency bands covered by the antennas. The design 
proposed in this work represents a good example of pattern reconfigurable antennas 
for new generation smartphones. However, modified designs can be made in future to 
cover cellular frequency bands below 1 GHz.  
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CHAPTER 7 
CONCLUSIONS AND FUTURE WORK 
 
 
 
In this chapter the antenna designs presented in the research work will be concluded 
and the future works will be discussed. A summary of all the designs will also be 
given. 
7.1    Conclusions 
This report presented several new designs of multiband antennas for wireless 
terminals such as mobile phones and tablets. Three designs of MIMO antennas for 
mobile handsets and two designs of MIMO antennas for tablet applications have been 
presented. Moreover, a design of pattern reconfigurable MIMO antennas for 
smartphone applications was also proposed. The designs are based on meandered and 
multi-branch monopole configurations. The antennas are direct and coupled fed with 
the coupling gap being optimized to achieve a good impedance bandwidth. It has been 
observed that the frequency bandwidth for coupled fed antennas is better than the 
direct fed designs. However, for achieving a resonance at frequency below 1 GHz, 
direct fed antennas are better as they achieve a better return loss as compared to the 
coupled fed antennas. 
Two designs of coupled fed monopole antennas based on meandered and multi-
branch configuration were presented for mobile handsets. The antennas were 
presented in MIMO configuration with simple decoupling structure etched on the 
bottom layer of the substrate. The decoupling technique used in these designs 
involved ground slots and inverted L-shaped metallic extensions in the ground plane.  
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This achieves isolation better than 15 dB over all the frequency bandwidths 
accommodated by the antennas. The antennas cover 2G, 3G and 4G cellular services. 
A compact antenna for covering 4G LTE frequency bands was also presented. The 
design is composed of two antennas placed at a gap of 2.5 mm from the shorter edges 
of the substrate. Each antenna is composed of monopole strip that is meandered to 
form a loop structure. Additionally, an inverted L-shaped branch is also added to 
widen the bandwidths at the upper and lower frequency bands thus enabling the 
antenna to cover 2G and 3G cellular services. The antennas cover most of the 4G 
cellular frequencies with isolation better than 12 dB. 
One of the designs of MIMO antennas presented for tablet applications is composed 
of four identical antennas etched at the no-ground corners of the substrate. The overall 
volume of the substrate is almost the same as most of the commercially available 
tablets. The decoupling technique used in the design is composed of six vertical and 
two horizontal slots in the ground plane. Additionally, two metallic branches are also 
placed in coupling with the ground plane. These branches couple a large amount of 
current flowing between the ports thus enhancing the isolation especially at the lower 
frequency bands. The proposed antennas however cover only 2G and 3G cellular 
frequency bands. In order to cover 4G LTE as well, another design of the MIMO 
antennas was presented for tablet applications. This design is composed of four 
antennas with two antennas making MIMO pair for 4G LTE and the other two 
antennas make MIMO pair for covering 2G and 3G cellular services. The antennas are 
arranged in diagonal symmetry for the enhancement of isolation. 
The reconfigurable antenna design presented in the report is composed of two simple 
and compact meandered monopole antennas with additional metallic branches. Each 
metallic branch can be connected and disconnected using p-i-n diode switch. This 
allows the current to flow into the metallic branch thus achieving pattern 
reconfigurability. The antennas are placed diagonally in mirrored configuration to 
reduce the farfield correlation thus improving the isolation performance. The MIMO 
antennas are pattern reconfigurable in the frequency range of 1.9-2.1 GHz. The 
proposed design is compact and covers most of the cellular frequency bands.  
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All the antennas were designed and fabricated on FR-4 substrate with dielectric 
constant of 4.3-4.4 and loss tangent of 0.02. The antennas were designed and 
simulated in CST® Microwave Studio, whereas, the testing and measurements were 
performed in the antenna laboratory at Queen Mary university of London. It has been 
observed the simulation and measurement results agree with some discrepancies 
which mainly occurred due to the tolerances in the substrate properties and the 
measurement setup. The key parameters discussed in the report include s-parameters, 
radiation pattern, gain, efficiency, envelope correlation coefficient and the diversity 
gain. The simulated and measured results were post processed in Matlab® for the 
purpose of analysis and comparison. A detailed parametric analysis was also included 
at the end of each chapter to understand the effect of changing various dimensions on 
the results of the antenna. The dimensions of each design have been tuned for 
achieving an optimum combination of the return loss and isolation. 
The antenna designs presented in this research work are compact with simple 
decoupling techniques. The design methodology is based on meandered microstrip 
configurations to achieve compact monopole and loop type structures. This makes the 
designs suitable for slim mobile handsets. The decoupling techniques are mainly 
based on ground slots and extended metallic branches to increase the isolation 
between multiple antennas in a compact volume. The antennas that have been 
presented for handset and tablet applications resonate in multiple frequency 
bandwidths and cover most of the cellular frequencies majorly 2G GSM, 3G HSDPA, 
WLAN and 4G LTE frequency bands. A summary of the antenna designs is shown in 
Table 7.1. It has been observed that the achievement of isolation better than 15 dB at 
frequency bands below 1 GHz is a challenging task. This is due to the increased 
correlation between MIMO antennas which largely reduces the efficiency and gain. 
The isolation achieved for most of the antenna designs is better than 15 dB. The 
designs and the results make the antennas suitable for next generation mobile 
terminals.  
 
 
 
 Antenna Design
Table 
 
 
7.1: Summary of the proposed antenna 
Main Features
- Two MIMO antennas
- Printed 
- Based on multi
monopole configuration      
- Decoupling 
inverted L ground extensions
- Suitable for smartphones and 
phablets 
- Four 6 dB 
- Isolation better than 15 dB
 
- Two MIMO antennas
- Printed and compact
- Based on meandered monopole 
configuration
- Decoupling 
with ground slots and inverted L 
ground extensions
- Suitable for smartphones
- Wide 6 dB bandwidth
- Isolation 
 
- Two MIMO antennas
- Simple geometry
- Loop configuration                                                 
- Ground slots for isolation 
enhancement 
- Suitable for smartphones
- Three 6 dB bandwidths
- Isolation better than 12 dB in 
the bands below 1 GHz and 15 
dB in the upper frequency bands
 
- Four MIMO antennas
- Printed and coupled fed                                                 
- Based on meandered monopole 
configuration
- Ground slots and coupled 
metallic branches for decoupling
- Suitable for tablets
- Four 6 dB bandwidths
- Isolation better than 15 dB
 
- Four MIMO antennas with two 
pairs 
- Two antennas 
two antennas for 4G cellular 
coverage 
- Printed 
- Simpler decoupling technique
- Suitable for tablets
- Three 6 dB bandwidths for 3G 
pair 
- Two 6 dB bandwidths for 4G 
pair 
- Isolation better than 15 dB
 
- Two printed MIMO antennas
- Pattern reconfigurable
- Meandered monopoles with 
additional metallic 
switched through p
- Wide 6 dB bandwidth
- Isolation better than 18 dB
 
-branch 
– Ground slot and 
bandwidths
 
 
 
– Dual decoupling 
 
 
better than 15 dB
 
 
 
 
 
 
for 2G/3G and 
 
branches 
-i-n diode
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 2G GSM 850/900/1800/1900
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 WLAN 802.11 b/g/n 2.45 GHz
 WLAN 802.11 a/n 5 GHz
 WiMAX 3.4 GHz
 WLAN 802.11y
 2G GSM 1800/1900
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 WLAN 802.11 a/b/g/n 2.45 GHz
 2G GSM 900/1800/1900
 3G HSDPA 900/1700/1800/1900
 WLAN 802.11n 2.45 GHz
 WiMAX 3.4 GHz
 4G LTE band 12
80 – 865 MHz) 
 4G LTE band 30 (2305 
 
 WLAN 802.11n 2.45 GHz (4 x4 
 
 2G GSM 850/900/1800/1900
 3G HSDPA 
 2G GSM 1800/1900
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7.2    Future works 
The designs proposed in this thesis are of compact and multiband antennas for mobile 
terminals such as smartphones and tablets. However, improvements in the proposed 
designs should be studied and developed in the future. The tasks for the future work 
can be summarized as: 
• Development of techniques to improve antenna efficiency for all the designs. 
• Development of techniques to further reduce the overall size of antenna. This will 
make it possible to place more than two MIMO antennas with in a compact 
handset. 
• Study and implementation of methods to evaluate the losses due to the head and 
hand. Also there are numerous positions in which user holds the mobile handset. 
The gain and efficiency at each position will be evaluated along with the S-
parameters. 
• Many commercial mobile handsets have metal casings which may induce certain 
limitations and losses in the antenna designs. It is therefore necessary to study 
these limitations in the future work. This may involve the tuning of the proposed 
antenna designs for achieving a better return loss and isolation performance at all 
the cellular frequency bands. 
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APPENDIX I: LIST OF CELLULAR FREQUENCIES 
 
 
 
Table I: List of second generation (2G) cellular frequency bands 
Band Name Frequency 
GSM 850  824 – 894 MHz 
GSM 900  890 – 960 MHz 
GSM 1800  1710 – 1880 MHz 
GSM 1900  1850 – 1990 MHz 
 
 
Table II: List of third generation  (3G) cellular frequency bands 
Band Name Frequency 
HSDPA 800   830 – 890 MHz  
HSDPA 850  814 – 894 MHz 
HSDPA 900  880 – 960 MHz 
HSDPA 1700  1710 – 2170 MHz 
HSDPA 1900 1850 – 1990 MHz 
HSDPA 2100 1920 – 2170 MHz 
UMTS 2100 1920 – 2170 MHz 
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Table III: List of cellular frequency bands (4G LTE) 
Name  Band Number Frequency Range 
4G LTE 2100 1 1920 – 2100 MHz 
4G LTE 1900 2 1850 – 1990 MHz 
4G LTE 1800 3 1710 – 1880 MHz 
4G LTE 1700/2100 4 1710 – 2155 MHz 
4G LTE 850 5 824 – 894 MHz 
4G LTE 2600 7 2500 – 2690 MHz 
4G LTE 900 8 880 – 960 MHz 
4G LTE 700 12 698 – 746 MHz 
4G LTE 700 13 746 – 787 MHz 
4G LTE 700 17 704 – 746 MHz 
4G LTE 800 18 815 – 875 MHz 
4G LTE 800 19 830 – 890 MHz 
4G LTE 800 20 791 – 862 MHz 
4G LTE 1900 25 1850 – 1995 MHz 
4G LTE 850 26 814 – 894 MHz 
4G LTE 700 28 703 – 803 MHz 
4G LTE 700 29 717 – 728 MHz 
4G LTE 2300 30 2305 – 2360 MHz 
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Table IV: List of data networks used in cellular communication 
Data Networks Frequency 
WLAN 802.11 b/g/n  2400 – 2480 MHz 
WLAN 802.11 a/ac/n  5150 – 5350 MHz / 5470 – 5825 MHz 
WLAN 802.11y in US 3655 – 3695 MHz 
WiMAX 3.4 GHz  3400 – 3600 MHz 
 
 
 
 
 
